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ABSTRACT 
 

In the developed and developing world, the use of lipids for the production of alkyl esters, 
also known as biodiesel, showed phenomenal growth during the ten year period up to the 
end of 2007. The main sources for these lipids are the oils extracted from oil seeds such as 
soya-, palm-, and rape seed, but other products in the food chain such as waste cooking oil 
(yellow grease) and animal fats are also used. In Africa and Asia vast tracks of land not 
previously tilled, are now being cultivated to yield oils which are not edible and in a number 
of countries intensive research is focused on lipid producing species such as algae. 
 
Meanwhile more evidence is coming to the fore pronouncing biodiesel and other first 
generation biofuels not to be the panacea for the predicament the world is facing on 
unbridled population growth, energy security concerns and environmental issues such as 
indirect land use changes, global warming and climate changes. 
 
The acceptance of the National Biofuels Industrial Strategy at Cabinet level has not yet 
resulted in significant commensurate activity in South Africa. The availability, other uses and 
volumes of selected feed stocks for biodiesel production invite debate on the choice between 
food- and energy security and the appropriateness of some identified socio-economical and 
socio-political drivers for a viable industry. Somehow the unique characteristics of South 
Africa and its resources seem not to feature in debate and constraints on the production of 
biodiesel, as described in this dissertation. 
 
The conventional process routes for commercial biodiesel production are based on a mature 
technology which has inherent pollution and economical limitations. This called for a detailed 
critical evaluation on process routes more environmentally friendly or involving fewer unit 
processes generating more desirable products, albeit with more severe process conditions. 
By comparison, the homogeneous alkali catalyst alcoholysis (HACA), the enzymatic catalyst 
alcoholysis (ECA) and the super critical alcoholysis (SCA) process routes as developed in 
this study, are found to be competitive on total manucturing costs as assessed, if results 
emanating from selected sensitivity analyses and optimisation studies, are accepted. 
 
The total manufacturing and operating costs in the selected process routes as estimated, 
assuming the same capacities for commercial biodiesel production, are dominated by feed 
stock costs. Incentives on depreciation and fuel levies are deemed not effective, if costs are 
compared to the price of fossil diesel at the retail level – October 2011. 
 
It is concluded that using the feed stocks indicated in the Strategy, commercial biodiesel 
production is not economically feasible in South Africa at present. In this study process 
routes and feed stocks were identified that can change this position. Note should be taken of 
the intensive research activities being conducted on second generation technologies and 
biorefineries in the developed world, as discussed in this dissertation. 
 
 
 
Key words: biodiesel, estimates, feasibility, processes.   
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OPSOMMING 
 
 

In die ontwikkelde en ontwikkelende wêreld het die gebruik van vette vir die produksie van 
alkielesters, ook bekend as biodiesel, in die tienjaarperiode tot die einde van 2007 
fenomenale groei getoon. Die hoofbronne vir hierdie lipiede is die olies onttrek van oliesade 
soos soja-, palm-, en raapsaad, maar ander produkte in die voedselketting soos gebruikte 
kookolie en dierevette word ook gebruik. In Afrika en Asië word uitgestrekte stukke grond 
voorheen onbewerk, nou bewerk om olies wat nie eetbaar is nie, op te lewer, en in verskeie 
lande word intensiewe navorsing op vetproduserende spesies soos alge gedoen.  
 
Intussen kom meer bewyse na vore wat verklaar dat biodiesel en ander eerste-generasie 
biobrandstowwe nie die wondermiddel is vir die moeilike posisie wat die wêreld in die gesig 
staar oor onbeteuelde bevolkingsaanwas, kwellings oor energiesekuriteit en 
omgewingskwessies soos indirekte grondverbruike, aardverwarming en 
klimaatsveranderings nie . 
 
Die aanvaarding van die Nasionale Biobrandstowwe Industriële Strategie op kabinetsvlak 
het nog nie verhoogde soortgelyke aktiwiteite in Suid-Afrika tot gevolg gehad nie. Die 
beskikbaarheid, gebruike en volumes van gekose grondstowwe, lok debatte uit oor die 
keuse tussen voedsel- en energiesekuriteit en die toepaslikheid van sekere 
geïndentifiseerde sosio-ekonomiese en sosio-politieke stimulante vir ‘n lewensvatbare 
nywerheid. Op een of ander manier is die unieke kenmerke van Suid- Afrika en sy bronne 
nog nie in die debat op die knelpunte van biodiesel nie, soos beskryf in hierdie proefskrif. 
 
Die gewone prosesroetes vir kommersiële produksie van biodiesel is gebaseer op ‘n 
beproefde tegnologie met inherente besoedelings- en ekonomiese beperkings. Dit het gevra 
vir ‘n uitvoerige kritiese evaluasie van meer omgewingsvriendelike- en minder 
eenheidsprosesse wat meer gewensde produkte genereer, al is dit met erger 
prosesbepalings. By vergelyking, is dit bevind dat die homogene alkali-katalisator- 
alkoholisis (HAKA), ensiem-katalisator-alkoholisis (EKA) en die superkritiese-alkoholisis 
(SKA) prosesroetes soos in hierdie studie ontwikkel, mededingend is op ‘n totale 
vervaardigingskoste-vlak, as die resultate wat spruit uit geselekteerde sensiwiteitsanalises 
en optimiseringsstudies, aanvaar word. 
 
Die totale vervaardigings- en bedryfskostes soos beraam vir die gekose prosesroetes vir 
kommersiële biodieselvervaardiging vir dieselfde deursette, word oorheers deur 
grondstofkostes. Aansporings op afskrywings en brandstofheffings word gesien as nie 
effektief nie, as kostes vergelyk word met die prys van fossieldiesel op kleinhandelsvlak – 
Oktober 2011. 
 
Die gevolgtrekking word gemaak dat met die grondstowwe aangedui in die Strategie, 
kommersiële biodieselvervaardiging tans nie ekonomies gangbaar is vir Suid-Afrika nie. In 
hierdie studie is prosesroetes en grondstowwe geïdentifiseer wat die posisie kan verander. 
Kennis moet geneem word van die intensiewe navorsingsaktiwiteite op tweede-geslag 
tegnologieë en bioraffinaderye in die ontwikkelde wereld, soos in hierdie proefskrif bespreek. 
 
 
Sleutelwoorde:   biodiesel, beramings, gangbaarheid, prosesse.  
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1 RESEARCH OUTLINE 
 

1.1 ORIGIN OF THE RESEARCH QUESTION 

 

The availability of energy is a necessary condition for human activity and thus economic 
welfare, be it as basic as basking in the sun (solar energy), harnessing fire, or the 
sophistication associated with the utilisation of energy carriers in the transportation sector or 
electricity generation and distribution. Sources of primary energy include biomass energy or 
bio-energy defined as energy derived directly or indirectly from material of biological origin, 
including energy crops, agricultural and coppice wastes and by-products, manure and 
microbial biomass, but excluding material embedded in geological formations and thus 
transformed into fossil energy [Smeets, 2008]. Bio-energy accounts for about 1,8% of the 
present world wide primary energy use [IEA, 2006], but at the same time it is foreseen that 
its use will increase rapidly in the next few decades. 
 
During the ten years up to the end of 2007, a dramatic increase was observed in the world 
capacity for the production of one of these energy carriers, a liquid fuel called biodiesel. This 
fuel is mainly utilised for providing the energy for ignition compression engines in the 
transportation sector. Considering the annual growth of 2,2% in global energy demand for 
the period 1850 – 2005 and the fact that ignition compression engines have been available 
for more than a century, concerns about energy security and anthropogenic climate changes 
are suggested to be drivers for the unprecedented growth in the production of this fuel, 
especially in developed and developing countries. Since 2007 however, events such as the 
‘world recession’ and the introduction of taxes in countries like Germany led to lower 
consumption figures for biodiesel.   
 
If considered from another angle, there is a correlation between energy consumption 
patterns and income levels [van Vuuren, 2007] with the countries within the Organisation for 
Economic Co-operation and Development (OECD) and the Former Soviet Union (FSU) 
consuming over 100 GJ per capita per year, compared to less than 40 GJ for Other Asia 
(that part of Asia excluding the FSU), China, Africa and India. The corresponding figure is 
300 GJ per capita per year for North America. Interestingly, economic growth can occur, at 
least over short periods, without an increase in energy consumption, because of energy 
efficiency improvements [Smeets, 2008, quoting Goldemburg, 2000]. 
 
However, it seems that there is very little correlation between the growth in energy 
consumption per capita and the expansion in biodiesel production capacity in these regions. 
As in May 2007, for the U.S.A. as the major user in North America, there were 148 biodiesel 
companies with an annual production capacity of 1,39 billion US gallons (4 656 million 
tonnes or 5 201 billion litres) [Jensen et al., 2007], compared to 500 000 US gallons in 1999 
[Carlson, 2006]. It is estimated that the world biodiesel production experienced a ten fold 
increase to 9 billion litres between 2001 and 2007 [Steenblik, 2007, using data sources from 
F.O.Licht]. The same data source [F.O.Licht, 2007], estimated a production of 50 000 tonnes 
for Africa in 2006 [Amigun, 2008]. For South Africa, presumably excluding the cottage 
biodiesel industry, biodiesel production was shown to be nil until 2010, with thereafter a 
projected annual production of some 62 – 63 million litres  [BFAP, 2008]. This is in contrast 
with a view that without prejudicing food crop production, South Africa can produce sufficient 
energy crops for 1,4 billion litres of biodiesel per year (45 PJ/year) [Wilson et al., 2005, 
quoting an EPRESA Report, 2003]. 
 
During the first half of 2008 at least three reports were published introducing other dynamics 
on the impact of biofuels on the environment [Report HC 76 – 1 U.K. House of Commons 
Environmental Audit Committee, 2008], the possibility that biofuels are ultimately more 
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damaging environmentally and socially than the fossil fuels they seek to replace [Gallagher 
Report, 2008] and “the 21st century food – for – oil crisis”  [World Bank, 2008]. The 
sustainability of first generation biofuels, one of them being biodiesel, is being questioned, 
including whether they represent an effective use of bio-energy resources, in terms of either 
cutting down greenhouse gas emissions or representing value for money [Ibid, Report HC 
76-1, 2008]. It is also argued that the use of these biofuels has severe long term effects on 
life and the environment as we know it, compared to other energy carriers. It is postulated 
that another fundamental question should be whether biofuels in general and biodiesel in 
particular, are economically feasible? 
 
The growth of the bio-energy industry and more particularly the biodiesel industry, is seen by 
some to be a partial solution to another unprecedented risk management problem, the 
peaking of world oil production, [Bartlett, 2006], and numerous studies exist on the technical 
and economic performance of biofuel production systems [Smeets, 2005]. From a 2007 
University of Georgia study estimating capital costs for five plant capacities, an average 
capital replacement cost was about US$1,404/US gallon (R2,78/l)  [Shumaker et al., 2007]. 
This compared well with a theoretical 10 million US gallon facility (10 MMGY or 33 300 
tonnes/year), estimated to have a capital cost of $11,3 million [Haas et al., 2006], taking into 
account annual price escalation effects. For a similar range of plant capacities, an OECD 
study estimated an average investment cost of €275/tonne (US$366/tonne, assuming an 
exchange rate of $1=€0,75), which equated to $1,36/ US gallon, not correcting for price 
escalation [Smeets, 2005]. The financial purist may disagree, but for illustrative purposes the 
figures derived from different points of departure in different continents correlated 
remarkably well. In contrast, the capital cost estimate for a 250 000 tonnes per year facility in 
Malaysia built in 2008 equated to nearly $4,0 /US gallon, albeit that comprehensive data for 
the basis of the estimate was not available [Biofuels – news on line, 2008]. For a higher 
confidence level, these figures have to be reconciled with figures to be computed or 
extracted from a large body of studies, geographically ranging from British Columbia [Boyd 
et al., 2004] to New Zealand [Judd, 2003] or estimates done from first principles. 
 
Noteworthy is that biodiesel production on a commercial scale is still not an established 
practice in South Africa. For 2003 the absolute production potential was stated to be over 29 
million litres [Johnston, 2006]. Also at the end of 2008 two companies announced projects 
that would have also catered for the local shortage of soya oilseed cake meal, a product 
derived from the crushing of soya beans in the process of releasing the oil needed for 
biodiesel production [Le Roux, 2006; Duvenhage, 2008], but these plants were not built. 
There may have been a number of reasons for this state of affairs, possibly linked to a 
perceived lack of government support, feed stock projections or even feasibility studies not 
yielding desired financial returns. Results from the studies for these plants are not available 
in the public domain. In contrast, public awareness and the status of South Africa in terms of 
energy usage both support a view that the country should have a presence in biodiesel use. 
 
At the time, a superficial survey of the written media revealed that from October 2006 to 
December 2007 the local press carried at least 251 articles featuring biofuels. A 
management consulting firm releasing an article on what it termed ‘The Biofuel (Re-) 
Evolution’, estimated that some 2 000 articles per month were carried by the world’s press 
agencies at the time [Seitz et al., 2006]. 
 
From an energy carrier market perspective, if the BP Statistical Review of World Energy 
June 2008 is consulted, it is found that South Africa consumed about 127,8 million tonnes of 
oil equivalent in primary energy in 2007, i.e. 1,2% of total world consumption [BP Plc, 2008]. 
Oil consumed amounted to 25,8 million tonnes, compared to the other significant source of 
primary energy, coal, with a consumption of 97,7 million tonnes of oil equivalent. According 
to the Review, the consumption included fuel ethanol and biodiesel, however the then SAPIA 
Annual Report on the other hand reflected no consumption figures for fuel ethanol and 
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biodiesel. If figures from the two sources are compared for 2005, it is found that SAPIA 
indicated a consumption of 398 200 barrels a day for the major products petrol, diesel, 
paraffin, jet fuel and liquid petroleum gas, and the BP Review reported 393 800 barrels/day. 
The correlation of facts between the two mentioned sources supports the subsequent BFAP 
findings and projections on biofuels production. 
 
Considering consumption patterns of light distillates, such as petrol, and middle distillates, 
such as diesel, as calculated from figures available from the two references for 2005, the 
ratio for the U.S.A. was 60:40 compared to 58:42 for inland use in South Africa. In 2005, the 
U.S.A. reflected a consumption of 951 million tonnes per year at nearly 21 million barrels a 
day (BP Review) of which some 50 million US gallons comprised biodiesel [Carlson, 2006], a 
fifty fold increase from five years earlier. Even more impressive were the figures of 75 million 
US gallons for 2005 reported by the National Biodiesel Board [Jensen et al., 2007], the 
difference compared to the former source accounted for by the plant utilisation factor of 0,63. 
Considering the growth in Europe as well, the question can rightly be asked what factors 
governed such impressive growth, and are these drivers present in South Africa? 
 
Based on the trends in other parts of the world and the work that has been done on 
feasibility studies for biofuels and in particular biodiesel, it is postulated that a knowledge 
gap exists in South Africa and the presence of this gap is a reason for the observation that 
the country seems to be out of step with the developed and developing world. 
      

1.2 MOTIVATION FOR THIS STUDY 

 

From the a foregoing, two major points of departure emerge for motivating a study on the 
economic feasibility of commercial biodiesel production in South Africa. A study could also 
include sensitivity analyses of important production and related parameters. Firstly, the 
fundamental question needs to be addressed as to the economic feasibility of commercial 
biodiesel production. Secondly, if a knowledge gap exists on the concepts and unit 
processes as they apply to South Africa, then without addressing this gap the fundamental 
question can simply not be answered. In 2007 a preliminary study recommended that a more 
extensive study be conducted once the SA Government’s biofuel strategy was released 
[Nolte, Lorenzen, 2007; Nolte, 2007].  
 
 It may be fortuitous that the South African Strategy on Industrial Biofuels was only released 
during December 2007, albeit that there was widespread criticism for what was seen to be 
the belated introduction of the relevant directives as decided by the South African 
Government [Republic of South Africa, DME, 2007]. On the other hand, it was found that in 
Africa the lack of regional policies and strategies led to under investment into biofuels 
research and development and for that matter the establishment of significant commercial 
facilities [Woods, 2008; Gallagher Report, 2008]. It follows however, that not enough is 
known about biofuels from a local perspective and the facts influencing investment in 
commercial production. From experience in the United States, the foremost step for setting 
up a biodiesel production plant is the evaluation of the economic feasibility of biodiesel 
production [Tapasvi, 2005]. As it stands, no comparable reference plant exists in South 
Africa at present. A second consideration in motivating this study has to be founded on 
examining the respective positions to do with the direct capital costs of a biodiesel facility 
and the manufacturing costs, the latter being largely associated with the cost of feed stocks. 
 
In an OECD study it was postulated that data availability for biofuel production costs and 
quantities is relatively poor in numerous countries that are or may become important players 
in the area although the technology is fairly well established [Von Lampe, 2006]. Important 
variables determining the production differences across countries and feed stocks include 
the domestic crop prices which are driven by regional supply and demand conditions, as well 
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as domestic and trade policies. In particular, agricultural policies can have a major impact on 
production costs, due to the relatively significant costs of feed stocks. 
 
The cost of feed stock is, however, only one issue which is specific to a particular country. 
Other variables are introduced by the costs of energy used (both heat and electricity) and 
the prices received for by-products [Von Lampe, 2006]. These variables are associated with 
direct operational costs where it was found that large differences exist between the results of 
numerous studies done on the technical and economic performance of biofuel production 
systems [Smeets, 2005]. In the opinion of the researchers concerned, the large range of 
technical and economic performance is caused by differences in system boundaries, scope, 
definitions of conversion factors, assumptions on feed stock costs, interest rates, labour 
costs, economic life times of plant, load factors, type of technology and scale of plant, and 
whether production subsidies are included or excluded. In the OECD study it was 
recommended that further research was required to compare a more detailed and accurate 
set of data, with specific attention to regional differences, scale effects, type of technology, 
differences in key data and co-products from processing the individual available or chosen 
feed stocks [Smeets et al., 2005; von Lampe, 2006]. 
 
A further consideration in motivating this study is found in the lack of explicit agro-ecological 
zoning and common methodologies and formats when reporting results. There is great 
heterogeneity in most of the factors relevant to an assessment of the indirect impacts of 
biofuels between regions, countries and across agro-ecological zones. These findings can 
be extended to socio-economical and political groupings and value systems, for instance in 
comparing developing countries to developed countries [Woods, 2008]. 
 
Two further motivating factors are that other reports predominantly focus on the countries 
where biofuel markets have achieved a significant size already, presumably a commercially 
viable or attractive size, or where the markets are expected to reach significant volumes in 
the medium term. For South Africa, not many other reports and research articles generated 
locally could be accessed, perhaps appropriate reports do not exist, and this in itself is a 
good motivation for this study. Secondly, the mentioned studies and reports can not be used 
without extensive revision or adapting them to the unique inputs generated by the position 
and status in South Africa. The driving forces behind these inputs are available from the 
studies cited [Smeets, 2005; von Lampe, 2006; Gallagher, 2008; Woods, 2008.]. 
 
 This dissertation aims to address the fundamental question and the postulated knowledge 
gap by examining the economic feasibility of commercial biodiesel production in South 
Africa, including sensitivity analyses of important production and related parameters. 
 

1.3 THE RESEARCH QUESTION 

 

In ascertaining whether it is economically feasible to produce biodiesel in South Africa, it is 
firstly necessary to analyse what is the research question and in so doing develop a 
thorough understanding of the boundaries imposed by the concepts implicit in the question. 
It is also necessary to distinguish between the research question; “Is commercial biodiesel 
production in South Africa economically feasible?” and the research problem generated by 
the research question. Thirdly, there has to be a constraint in terms of the period for which 
any data on the economic feasibility will be valid, and from this observation follows proposing 
a base date for the raw information obtained from quotes and estimates on equipment and 
other costs. 
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1.3.1 Concepts embodied in the research question 

 

Bio-energy is of world wide interest because of its role in socio-economical and 
environmental issues. The interest has generated a vast amount of information, but for 
research findings and recommendations to have commercial value, it is necessary to limit 
the scope of this dissertation by listing and providing some detail on the concepts embodied 
in the research question: “Is commercial production of biodiesel economically feasible in 
South Africa (at present)?” 

1.3.1.1 Biodiesel 

 
Biodiesel is an energy carrier in the form of a liquid fuel produced by chemically modifying 
renewable, biologically based (biomass) oil or fats by reacting them with normally an alcohol 
in the presence of a catalyst and then separating and purifying the reaction products 
[modified from Bantz, 2006]. The American Society for Testing and Materials International 
(ASTM) defines “biodiesel, noun, a fuel comprised of mono – alkyl esters of long chain fatty 
acids derived from vegetable oils or animal fats, designated B100” in ASTM D6751 – 03. 
“Bio” represents its renewable and biological source, in contrast to traditional or conventional 
petroleum based diesel fuel; “diesel” refers to its use in diesel engines (ignition compression 
engines). In the requirements for biodiesel, ASTM then sets limits on physical and chemical 
properties like flash point, kinematic viscosity, cetane number, acid number, glycerine and 
phosphorous contents [U.S. Dept. of Energy, Report DOE/GO-102006-2358, 2006]. When 
biodiesel is blended with petroleum diesel, the concentration of biodiesel is conventionally 
written as BXX where the “XX” refers to the percentage volume of biodiesel. For example 
B20 designates a mixture of 20% biodiesel and 80% petroleum diesel [Myint, 2008]. 
 
In South Africa, the SABS specification for automotive biodiesel fuel SANS 1935:2004 is 
based on the EU standard EN 14214 which is more comprehensive than the ASTM 
specification  [Wilson et al., 2005]. This specification restricts the reactant to methanol, and 
the feed stock to be of vegetable origin.  

1.3.1.2 Economic feasibility 

 
A feasibility study, also known as a feasibility analysis, is a preliminary study undertaken to 
determine and document a project’s viability. It is an analysis of possible alternative solutions 
to a problem and a recommendation on the best alternative [Wikipedia, 2008]. One of the 
components of a feasibility analysis is the economic feasibility, some others being resource-, 
cultural-, legal- and technical feasibilities. 
 
The economic feasibility of a project for the manufacturing or production of a product usually 
involves the estimation of capital investments foreseen, estimation of operating costs and 
analysis of profitability [Petrides, 2003]. A similar approach to economic feasibility has as 
points of departure the cost-effectiveness of a project or solution and a cost-benefit analysis 
which includes system cost, development costs, operation costs, maintenance- and support 
costs [Grabowski, 2001]. Embedded in these costs will be financial and market costs, as well 
as feed stock costs, sometimes referred to as agricultural costs. 
 
Technical feasibility in the context of this thesis is a prerequisite for economic feasibility. 
There is also a wider connotation to technical feasibility associated with the absolute 
availability of the feed stock or feed stocks because of some exogenous factor. An example 
could be an oil seed bearing shrub like Jatropha curcas or a tropical plant like the palm tree 
which because of climate issues, for example where frost occurs in areas of the country, will 
simply not grow or not yield commercially viable crops. As there are a number of lipids 
available as feed stock for biodiesel production, technical feasibility will be associated with 
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the conversion process of the lipid to biodiesel. It needs to be stated, however, that if a 
conversion process is technically feasible, it does not mean that it is therefore commercially 
viable. Examples are second generation biofuels and biodiesel production from algae. Two 
further factors to be tested for technical feasibility are how practical the technical solution is 
and the availability of technical resources and expertise. Economic feasibility will therefore 
embody technical feasibility and a classic business case style of using a bottom-up approach 
for analysis. 

1.3.1.3 Commercial production 

 
Commercial production in terms of definition needs to be approached from ‘an economies of 
scale’ perspective and a competitive position. Although the threshold set by SARS for a 
Commercial Category 1 biodiesel producer is 300 000 litres per year [SARS, 2006], very little 
useful information was found in the literature on economic feasibility at this capacity. The 
300 000 litres per annum throughput is considered more appropriate for the fine chemicals 
and pharmaceutical industries as it means a production of product of some 1 000 litres a 
day. The crude oil refinery and petrochemical industries rely on continuous operation and 
huge throughputs with possibly low margins. If biodiesel is to be classified as a base fuel, it 
needs to be produced at substantial volumes. 
 
It would be sensible to consider a band of capacities for biodiesel production. It seems as if 
the upper limit for a particular plant can be set at 250 000 tonnes of biodiesel per year, the 
capacity of Malaysia’s largest biodiesel plant on which construction started in 2008 [Biofuels 
– news on line, 2008]. The second consideration in setting a qualifier for commercial 
production is to evaluate South Africa’s then projected 2008 consumption of 9 394 billion 
litres of diesel fuel [Nolte, 2007], noting that the volumes did not significantly change since 
then and to recognise the recommended blending requirement of 2% stated in the SA 
Government’s strategy for biofuels [DME, 2007]. Feed stock logistics and market 
requirements need to be evaluated, but a 40 000 tonnes per year plant capacity translates to 
three to four plants, satisfying the blending directive. 
 
There are a number of variables introduced by the mandatory biodiesel blending 
requirements for diesel in the developed world, specifically the EU countries. A further 
external variable is introduced by the crisis in the German biodiesel industry following a 
German government plan to raise taxes on green fuels to the same level as fossil fuels 
[Booysen, 2008; Biofuels – news on line, 2008]. At the same time the European Commission 
was conducting an anti-subsidy, anti-dumping investigation into B99 biodiesel imports from 
the U.S. [Biofuels – news on line, 2008]. This raises the question of exports from South 
Africa based on imported feed stock, and it’s effect on biodiesel production capacity. This 
question could be addressed in further work that may emanate from this study.     
 
In terms of the competitive position, biodiesel has to compete with the diesel produced in the 
middle distillate fraction in a conventional refinery in the case of petroleum products, noting 
that the refinery produces a large number of products. In the case of Fischer-Tropsch 
technology, for South Africa, SASOL produces a range of products for the transportation 
sector as well as a formidable range of chemicals. Although its fortunes are seemingly linked 
to fluctuations in the price of crude oil, it has an exceptional growth record as witnessed by 
its performance on the Johannesburg Stock Exchange (J.S.E.) Together the South African 
refineries have a crude oil processing capacity of 708 000 barrels (bbl) a day [SAPIA, 2006]. 
 
For this study, it is proposed to separate commercial production of biodiesel from 
considerations around commercial issues on feed stock production. Depending on the 
location of biodiesel production facilities and import/export parities, commercial issues 
around feed stock could be of secondary importance in assessing the economic viability of 
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the biodiesel production industry. It is for example quite feasible to import oil or feed stock 
from Argentina or Mozambique at prices well below local feed stock production costs. 

1.3.1.4 South Africa 

 
South Africa is a sovereign state with its geographical boundaries well defined. Although it is 
a member of the Southern Africa Development Community (SADC), South African access to 
the EU market is distinct from that of the rest of the SADC group of countries owing to the 
country’s status as a more developed economy [OECD, 2008]. In terms of socio- 
economical, political and environmental characteristics the country is also unique, some 
examples being its climate, rainfall patterns, greenhouse gas emissions and the state of it’s 
economy. 
 
Although South Africa is a member of the South African Customs Union, the OECD sees it’s 
stance on the Economic Partnership Agreement with the EU as a threat to regional unity and 
the integration of the region [OECD, 2008]. A study of the tariff structures is not within the 
scope of this dissertation, but cognisance needs to be taken of the South African trade policy 
and tariff structure which are seen to be complex. The country is judged to seemingly want 
to reduce tariffs on upstream inputs on sectors identified as strategically important. This may 
well include biofuels. 
 
It is known that huge investments are made in other SADC countries to produce feed stock. 
Also South American countries like Argentina and Brazil are becoming dominant suppliers of 
feed stock for biodiesel albeit with the European market in mind. On the other hand, South 
Africa is becoming a net importer of foods and feeds as opposed to its position over the last 
hundred years. At present it is not yet known how its recently acquired membership in the 
Brazil/Russia/India/China (BRIC) grouping of nations will affect South Africa’s status in terms 
of feed stocks and biofuel transactions.  
 
The complexities associated with economic and environmental issues specific to South 
Africa have to be accommodated in this study, also by looking at the global issues and 
positions in other countries. It is proposed that South Africa be considered as an entity as 
defined above, as it is unlikely that its status on its role in Africa and any biofuel capacity will 
substantitively change in the period for which the findings from this study are envisaged to 
be valid. 

1.3.1.5 “At present” 

 
A feasibility study is a discrete activity that is normally undertaken to support a specific 
decision such as investing in a new venture or presenting a business case for some 
commercial endeavour. It has a finite life but the assumptions and projections may have long 
term positive or negative consequences. Secondly, although feasibility studies in other parts 
of the world have been done in the recent past, it is important to establish some base or 
reference date for verification and evaluation of a variety of inputs. Thirdly, a feasibility study 
is targeted to meet a specific objective at a specified time like a meeting of a board of 
directors or investors. This study is targeted to add to the present day knowledge base. 
 
In contrast to the objective to establish a 2011 base date for reference purposes for the 
validity of calculations and recommendations, is the way in which technology is moving on 
energy carriers and the relevance of this research. It is postulated that a possible turning 
point may have been reached in the biofuel industry in the context of the food versus energy 
debate, the quest for second generation feed stocks and technologies as at the date of 
presenting this dissertation. It is thus emperative that this study needs to reflect on a rather 
short term result, but valid currently. 
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The esters derived from reacting triglycerides with an alcohol were produced in a laboratory 
for the first time in 1846 when castor oil was reacted with ethyl alcohol. It is a mature 
technology but some serious challenges are becoming apparent in the process routes used 
for the manufacture of biodiesel and the cost of feed stock. Substantial research and 
development funds are committed to the commercialisation of second generation biofuels 
and the processes for their manufacture such as biomass to liquids technology (BTL) and 
Fischer-Tropsch synthesis from biomass. Other energy carriers like hydrogen are also 
attracting substantial research funds, especially for applied research. 
 
 In a dissertation on the outlook for advanced biofuels a finding was that sugar / starch 
derived ethanol and biodiesel from rape seed in diesel blends may remain the most popular 
(and most important) until 2010 [Hamelinck, 2004]. This prediction did not materialise, 
however at some point in time second generation biofuels will come to the fore. It follows 
that if a finding from this study is that in absolute terms biodiesel production from established 
technology and designated feed stocks in terms of the South African Biofuels strategy is not 
economically feasible, such finding needs to be in the public domain expeditiously. It is also 
deemed useful to know for which feed stocks can biodiesel production be economically 
feasible. 
 

1.4 THE RESEARCH PROBLEM 

 

In assessing whether it is economically feasible to produce biodiesel on a commercial scale 
in South Africa, the research problem has two dimensions to it. The first problem to address 
is what are the important production and related parameters governing the (potential) 
production of biodiesel? If these parameters or variables in the value chain of biodiesel 
production can be identified, quantified, qualified or listed, then secondly, what are the 
sensitivities associated with changing them or for that matter optimising them, assuming 
such liberties are possible and the options are available? 
 
On the body of knowledge available on the techno-economic performance of biofuels, it is 
generally accepted that the comparability of results for the capital analysis is a problem 
[Hamelinck, 2004]. Secondly, biomass feed stock costs are a major input parameter for the 
calculation of biofuel production costs [Haas et al., 2006]. Thirdly, investment in research to 
improve the performance of biofuels to compete with fossil fuels on merit has not borne 
results as yet, because of the exponential growth in the biofuel industry at any price, of 
which biodiesel production is but one example. For South Africa, as stated before, there is a 
perceived gap in the knowledge available to address the research problem. Thus, whatever 
inputs are available from other facilities in the world, the parameters need to be validated for 
local conditions. 
 
Secondly, borrowing from the concepts in the field of Life Cycle Assessment (LCA) for the 
biodiesel production process, there is a need to ensure that the whole value chain is 
examined and quantified. Considering the unit processes involved, it is possible to 
demarcate processes by looking at the different industries for the feed stocks production and 
compartmentalise unit processes. Their inputs and outputs can then be quantified. Four 
processes, albeit it not always classified as such, will be the farming, food, feed and 
chemical industries respectively, where the lipid will be produced and processed, typically 
into food such as cooking oil or margarine or consumables such as soap, but also directly as 
a starting material for biodiesel production. Another point of departure could be the feed 
industry where other components of oil seeds as well as biomass are used for or biologically 
turned into lipids like fat or tallow which in turn are the starting point for the chemical 
conversion to biodiesel. As many permutations are possible, the research problem will be to 
ensure that all the appropriate unit processes are evaluated. 
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On considering the research problem in the context of the above statements, at least three 
concepts are to be developed namely differentiating between capital- and manufacturing 
costs on assessing the feasibility of biodiesel production, secondly, following a unit process 
identification mode and thirdly, using a bottoms-up approach. Such an approach has the 
potential to provide a higher confidence level for the feasibility study and avoids the black 
box syndrome [Tapasvi, 2005]. Underlying calculations will be visible and there is more 
assurance that technology and advances in processes are incorporated and costs 
associated with by-products and pollution are taken into account. 
 
It is clear from the motivation for this research that there are several key factors determining 
the economic feasibility of commercial biodiesel production. Studies available from the U.S. 
biodiesel industry focus on the bottoms-up approach whereas it is also possible to employ a 
holistic or systems view [Bantz, 2007]. In such a case one needs to know how the biodiesel 
industry is structured as a system, what are the boundaries of the system and what are the 
key input and output variables, also in terms of importance. 
 
For this approach the research problem will focus on the key drivers, energy security, 
environmental and economic issues, regulations and mandates that promote use. It is known 
that feed stock cost is a very important consideration and flexibility in cost will have as a 
derivative increased processing cost. That, together with by-product sales will impact the 
revenue streams of a plant. From a market perspective, the price of biodiesel will be 
dependent on the price of diesel. The causal relationship between these variables will have 
to be determined. If they can be listed or incorporated in a model, it may be possible to 
assess the economic feasibility of biodiesel production. 
 
In the approach to this research, a distinction is drawn between direct costs for the 
production facility and other costs, mostly classified as the costs around producing and 
processing agricultural commodities to a quality acceptable to the biodiesel industry. These 
costs are associated with agricultural planning, inventory management, time delays, export 
and import parities and other issues that make the agricultural value chain so complex. If a 
block approach can be used on this supply chain, for example, if it is clear that local feed 
stocks can simply not compete with feed stock from Argentina or Brazil in the short or 
medium term, an import parity approach can still be used on this block and the remaining 
decision blocks be focused on capital and manufacturing costs associated with direct costs 
in the biodiesel sector. The research problem will then be to ensure that the combination of a 
bottoms-up approach on direct costs and a systems approach on other (indirect) cost gives a 
reliable assessment for economic feasibility. Sensitivity analysis may provide this assurance.  
 
The second dimension of the research problem, in attempting to develop more certainty 
about the economic feasibility of biodiesel production in South Africa, features sensitivity 
analysis. The values on the performance of various biofuel options vary considerably, 
[Smeets, 2005] and this can be attributed to at least six variables that are not uniformly 
applied for the different studies available in the literature. As an example, for biodiesel, a 
literature survey yielded costs of between €5 – €30 per GJ fuel, depending on feed stock 
[IFEU, 2004]. One way of assessing or quantifying the effect of changes in the variables, 
also described as risks, is then to use sensitivity analysis for the technologies and unit 
processes in the biodiesel value chain [Mattson et al., 2007]. What in effect this means is 
that for the economic production factors captured, such as capital and operating costs, 
elasticities are introduced that can point to the direction to achieve an optimised outcome for 
biodiesel production [Löschel, 2002]. 
 
If it is suspected that linear relationships exist between the key variables such as feed stock 
cost, capital costs, and revenues from by-products becoming available at various stages in 
the production chain, such a sensitivity analysis can be represented with spider diagrams. 
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[Amigun, 2008]. In the body of literature available, sensitivity analysis has also been done 
using factorial tests. In a study on the economic assessment of biodiesel production using 
different process routes, nine variables (factors) were investigated and a factorial design with 
32 simulation runs done [Zhang et al., 2003]. As the study was done for four different 
processes, but using one feed stock and one throughput, the situation created a degree of 
knowledge that could be classified as ‘strong knowledge’ compared to ‘absolute 
knowledge’,as for example, plant location as a variable  was not considered. Therefore, the 
confidence level in a cost estimate was high but not approaching definitive level parameters. 
The present study is distinguishable in that five process routes and at least six feed stocks 
are contemplated, together with combining two process routes for ‘difficult’ feed stocks. 
 
If addressing the research problem reveals that complex systems with indirect observations 
and perhaps not well understood interactions amongst key parameters such as logistics or 
markets are present, then the more elegant analysis will be qualitative or quantitative 
scenarios. Such approach is possible as the future cannot be predicted, but possible path 
ways of events (“what if”) and systems functioning under clearly defined assumptions could 
be developed. 
 
The term scenarios is defined as a plausible description of how the future may develop, as 
based on a coherent and internally consistent set of assumptions (“scenario logic”) about the 
key driving forces and relationships [Van Vuuren, 2007, quoting Nakicenovic and Swart, 
2000]. Cognisance is also taken of the different forms of scenarios, be it quantitative, 
qualitative, descriptive/explorative, normative or probabilistic. It may be that the scenarios 
are to be interpreted as providing starting points for a discussion of alternative outcomes 
[Bantz, 2007]. 
 
Once the research problem is defined, developing the answer will necessarily involve 
examining contributory factors for the parameters associated with production, be it costs, 
technologies, unit processes, markets, logistics, feed stocks and products. Clearly a fairly 
comprehensive list of variables is possible for which a number of scenarios are plausible. 
Testing their sensitivities to each other could lead to answering the research problem in a 
pragmatic and scientifically acceptable way, if a classic process contractor approach using 
estimates, does not provide a conclusive answer. 
 

1.5 OBJECTIVES OF THIS STUDY 

 
The hypothesis is that it is not known whether commercial biodiesel production is 
economically feasible and that a knowledge gap exists on the variables associated with the 
production of biodiesel in South Africa. To address this hypothesis, the research objectives 
of this study are as follows: 
 

1. Through investigative research, assess the body of knowledge, theories, approaches 
and trends available from an agricultural, technical, financial and environmental 
perspective that drive the interest in biodiesel production. 

 
2. To examine and record information on energy carriers and the position on energy in 

the Transportation sector with an emphasis on the position and market for 
transportation fuels and particularly diesel in South Africa. 

 
3. To develop a South African overview in the context of Africa from a number of 

perspectives including resources, political and socio-economic issues, policies, 
strategies and the environment. 
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4. To consider the world- and South African supply and markets for feed stocks and 
potential feed stocks with the emphasis on biodiesel. 

 
5. To assess the technology and process routes available for biodiesel production from 

first principles and through available feasibility studies, and then develop estimates to 
quantify the capital- and manufacturing costs applicable to one or more potential 
commercial production facilities in South Africa. 

 
6. To review financial models available and to do sensitivity and optimisation studies to 

assist in presenting the main findings from the work generated by answering the 
hypothesis posed in the research. 

 
7. To state a conclusion on the economic feasibility of commercial biodiesel production 

in South Africa and recommend further work emanating from this research. 
 

1.6 RESEARCH METHODOLOGY 

 

1.6.1 Introduction 

 

The exponential increase in the world biodiesel production capacity over the last decade has 
been quantified but at the same time the question was asked as to whether economic 
realities informed the situation. As will be discussed in later chapters, other drivers and 
therefore the strategies formulated by governments and other groupings motivated and 
drove this “Klondyke” approach, bearing in mind that the knowledge on the relevant chemical 
reactions and applications of acyl glycerols as fuels is well documented [Mondal et al., 
2008]. 
 
The interest in biofuels has also provided the stimulus for fundamental research and 
feasibility studies focused on specific variables like a particular process or feed stock. No 
information could be found in the open literature on any comparative study exploring all the 
known processes and process routes, multiple commercially available feed stocks, plant 
capacities and other variables to inform a view on the economic feasibility of local 
commercial biodiesel production. The research design has been formulated to enable such a 
study around production and related parameters and the sensitivities on their interaction. 
The research flow chart depicted in Figure 1.1, attempts to graphically capture some of the 
variables mentioned and their interactions. 
 
Although the “pipeline” depicted in Figure 1.1 shows that the information from the four main 
sources, namely environmental considerations, the inputs on South Africa, feed stocks and 
relevant feasibility studies, may enable the generation of all the outputs to come to findings 
and a conclusion on the economic feasibility of commercial biodiesel, it is equally possible 
that from the information generated on technology, a process licensor approach has to be 
followed. In such a case the classical process engineering contractor approach will then 
need to be followed. Flow sheets, equipment lists and estimates will then need to be 
developed and completed. The in-depth study will then have be structured, based on 
personal expertise, conceivably in the mode of a submission to potential investors or 
chemical plant owners. 
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Figure 1.1 Reseach flow chart to assess the economic feasibility of commercial biodiesel production in South Africa  
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1.6.2 Research design 

 

Research design is the plan and structure of investigation so conceived to obtain answers to 
research questions [Cooper, 1995]. In this research the plan for gathering information has 
two stages to it, an investigative/exploratory study to find the major dimensions of the 
research task and secondly a formal study to address the objectives of this study. As 
mentioned before, it is also necessary to distinguish between direct costs associated with 
conversion technologies for biodiesel production and indirect costs which may come from 
the costs associated with feed stocks, reagents, utilities and other indirect operating costs on 
biodiesel production and the marketing of biodiesel and associated by-products respectively. 
 

1.6.2.1 Data collection for the exploratory study 

 

The point of departure for finding the dimensions of the research task is not the classical 
approach of discovering future research objectives. It can rather be described as a 
comprehensive search of secondary data in the form of research papers and market reports 
published on the information available on feed stock production costs, process routes, 
catalysts, chemical reactions and their kinetics, the composition of feed stocks and the 
reactants available for biodiesel production. It is possible that readily adaptable information 
will be discovered to enable capital and manufacturing cost projections for local conditions. 
 
More likely, a further data collection exercise will need to be done to focus on operational 
and financial inputs. As a number of feasibility studies from different parts of the world are 
available, albeit focusing on one feed stock or a particular process, the unit processes 
involved should not be materially different for different process routes and other fundamental 
chemical engineering inputs. Hopefully, suitable adjustments can be made to accommodate 
changes and obtain representative data for analysis in the formal study. 
 
As a comprehensive amount of data will be generated on fundamental research articles as 
well as feasibility studies, the third exercise will entail the listing of the different constraints 
and capacities associated with the data made available from the articles and the reports. 
 

1.6.2.2 Data collection for the formal study 

 

As the formal study is structured to answer the investigative question, it will more so depend 
on the information emerging from the investigative part of the study. Its purpose will be to 
discover the associations among different variables and the cause-and-effect relationships 
which mean that it will contain elements of both a descriptive study and a study of causal 
relationships. It follows that the information collected from the data will be applied to develop 
flow sheets and estimates. 
 

1.6.2.3 Data analysis 

 

In contrast with the approach of an in-depth investigation on a specific topic where the data 
is generated through experimental or case study work and then analysed, this study aims at 
very specific results from the data collection process performed in the investigative phase. 
The aims are to isolate the unit processes involved in the different process routes associated 
with conversion technologies through collecting, modifying or drafting process flow diagrams. 
The process flow diagrams or process flow sheets will then be used to generate mass and 
energy balances, also using thermodynamic and other chemical engineering data obtained 
from the data collection process. Using a capacity of 40 000 tonnes per year of feed stock of 
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acceptable quality, i.e. 5 000 kg/hr with a continuous production period of 8 000 hours, the 
equipment identified in the unit processes will then be sized. Equipment lists and other 
inputs will then be generated for a cost estimate. This data could well provide inputs for 
sensitivity analyses. 

1.6.2.4 Presentation of data 

 
There are three factors influencing the style and content of the data presentation. Firstly, 
data will be captured from the research reported in a number of countries with different 
conventions on units of measurement and other instruments like monetary values. While in 
the body of the report this will be captured, where possible, as reported in the source 
document, conversion tables will be compiled in an appendix to this study. Also whenever 
possible, the data will be projected in a South African context. Secondly, in the motivation for 
this study, many variables were identified that are interpreted to present specific boundaries 
to inputs. In this presentation the variables will be defined to ensure a universal meaning. It 
is acknowledged that the report seeks to address a gap in South Africa, but it should be 
possible and useful to refer to this study and apply the conclusions universally. Thirdly, in the 
economic feasibility assessment, financial models are going to be reviewed. It is important 
for the data, as collected and analysed, to line up with the outputs from the financial models 
accessed.  

1.7 Structure of the dissertation 

 

This study endeavours to provide a comprehensive dissertation  on the economic feasibility 
of commercial biodiesel production in South Africa. Investigative work not germane to the 
findings and conclusion reached are included in this document as appendices. Although 
most chapters can form the basis of separate papers, for the purposes of this study, they are 
arranged to follow a logical sequence in line with the earth to wheel value chain for biodiesel. 
Firstly, the investigative study achieved the objective set for it, and the knowledge available 
over a wide spectrum, was comprehensively discussed, but in the main documented in the 
appendices. Secondly, the extensive literature search and the examination of data provided 
in a number of feasibility studies collected from sources reflected in two comprehensive sets 
of references, did not expose enough information to generate capital- and manufacturing 
costs for the commercial biodiesel facilities envisaged to be operating in South Africa. From 
this basis, no objective findings could be made on the status and future of biodiesel 
production from comparative costs for different process routes and feed stocks. As data was 
at best scattered, even on mature technology, as also experienced by other researchers in 
other parts of the world,  flow sheets for selected process routes were drafted from first 
principles in the in-depth study. This work informed the generation of source documents 
such as priced equipment lists, specifications, earthworks-, civil and building estimates. It 
was then possible to do three comparative estimates and examine the effect of changing 
variables, such as different feed stocks and unit processes. The study was documented as a 
number of chapters and appendices. In the text, where figures and tables are reprinted or 
used, the source is given and fully referenced in Chapter 10 or Appendix F, so as to 
acknowledge the contribution to this dissertation and to protect the contributor’s copyright.  
 
Chapter 1 gives an overall introduction to the research question and the research outline.  
 
Chapter 2 contains an overview of energy fundamentals, and is linked to Appendix D on 
information not germane to answering the research question. 
 
Chapter 3 focuses on energy in the Transportation sector and provides information and a 
comparison of fossil diesel and diesel derived from renewable sources, including biodiesel. 
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Chapter 4 contains a South African overview informed by the Strategy on Industrial Biofuels. 
 
Chapter 5 contains a systematic approach to a class of compounds in the world of lipids, 
loosely defined as biomass oils. These oils derive from the processing of feed stocks, also 
those indentified in the South African biofuels strategy. The sources of feed stocks, 
resources to do with their cultivation or production, limitations and constraints, including the 
identification and listing of processes and the costs associated with providing product for 
conversion to biodiesel, are discussed. 
 
Chapter 6 contains a treatise on biodiesel production technology, describing chemistry and 
reaction kinetics, reactants and products, catalysts, unit processes and process routes. For 
the process routes selected in this study for biodiesel production in South Africa, it was 
found that only information on the homogeneous alkali catalyst alcoholysis (HACA) was 
available at flow sheet level in a form that could be adapted for the generation of the source 
documents for estimates. Flow sheets were then developed and drafted from first principles 
for the enzymatic catalyst alcoholysis (ECA) and supercritical alcoholysis (SCA) commercial 
process routes and incorporated in the study. The developed flow sheets then formed the 
basis for discussions on considerations for an industrial biodiesel plant, equipment and 
systems specifications as  further described in this chapter.  
 
Chapter 7 contains information generated from the extensive work done following flow sheet 
development, to prepare priced equipment lists in a classical chemical engineering approach 
on developing a front end engineering design and associated information for a biodiesel 
facility with a capacity of 40 000 tonnes per year for the three selected process routes, 
together with estimates on all the inputs required for capital installed costs and 
manufacturing and operational costs.  
 
Chapter 8 contains economic feasibility studies and sensitivity analyses based on models 
optimising the variables discussed in this study, including comments on production 
efficiencies and changing production variables such as feed stocks and capital variables 
such as unit processes and possible materials of construction that could be considered, all 
within the limits discussed in the research outline. 
 
Chapter 9 contains the findings and conclusion reached on the research done and reported 
in this dissertation. The specific contribution of his study to knowledge on biodiesel is 
described. It also identifies research papers and articles to be written on the work done in 
this study, as well as recommendations for further work. 
 
Chapter 10 contains a comprehensive list of references. The convention followed through 
out the document, was to cite the principal author in the reference, rather than the 
convention used in journals to group two authors and refer to more than two authors for a 
paper by the term “et al”. 
 
Appendices of conversion tables, detailed tables of analysis of variables generated in the 
work, lists of acyl glycerol containing feed stocks and other information relevant to this 
research, are enclosed in the study. These appendices also contain mass balances, priced 
equipment lists, and information on some of the feasibility studies consulted for the purposes 
of this dissertation.  
 
Further appendices contain information supporting the facts that could be read with the 
topics mentioned in Chapters 2 and 3 respectively, but was judged to be not of enough 
importance to be included in the main study.  
 
The last appendix enclosed in this study, is in the format of a reference list containing all the 
articles and research papers consulted.   
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2 GENERAL OVERVIEW 
 

2.1 THE FUNDAMENTALS 

 
The evolutionary process of mankind developing to the civilisation in existence today can be 
linked to the increase in the utilisation of energy. This energy fundamentally is solar energy 
which at large has been captured and converted or stored for utilisation by all living 
organisms using energy carriers, including mankind. The need for energy and fuels is one of 
the common threads throughout history and is related to almost everything that man does or 
wishes to do [Klass, 1998]. If the stages of civilisation or socio-ecological regimes in human 
history are then listed, the energy and materials associated with every stage are presented 
in Table 2-1 [Citterio, 2008]. 
 
Table 2-1  Growth in energy and method use per capita through the ages. 

 
        Per capita annual use   

Energy Materials 

Basic human metabolism 
(biomass intake via nutrition) 

3,5 GJ 1 t 

Hunter-gatherer 
(uncontrolled use of solar energy) 

10-20 GJ 2-3 t 

Agricultural society 60-80 GJ 4-5 t 

Industrial/technological society 
(use of fossil energy) 

250 GJ 20-22 t 

 
The global energy demand in 2000 was calculated at 361 EJ/year, with estimates for energy 
demand in 2010 and 2020, 446 EJ/year and 533 EJ/year, respectively [Huntley, 2007]. The 
average commercial energy use in high-income countries is about 5 500 kilograms (kg) of oil 
equivalent per capita, compared to less than 500 kg in low-income countries [Unesco, 2009]. 
In contrast the annual energy fluxes available are 3 850 000 EJ for solar; 2 250 EJ for wind 
and 3 000 EJ for biomass. This compares to a primary energy use of 487 EJ in 2005 and 
electricity use of 56,7 EJ in 2005 [Hodge, 2011]. The problem is that the sun does not 
always shine and the wind does not always blow. 
 
Without energy  being available in the form of fuels, electricity and other energy carriers, 
society will grind to a halt [Ghanta, 2010]. Fortunately as the total demand for energy grew, 
the economic energy efficiency or energy intensity improved. If not, especially the developed 
world would not have prospered to the extent it did, although there has to be a physical limit 
in terms of energy available and the thermodynamic efficiency of energy production, 
conversion and distribution. For the United States (U.S.) with its current $14 trillion dollar 
economy, despite having managed to reduce the amount of energy required to produce a 
U.S. dollar (US$) of Gross Domestic Product (GDP) from 20 000 Btu in 1949 to 8 500 Btu in 
2008, scenarios like peak oil, global political upheavals and the decline in economic 
prosperity are of paramount importance [Ghanta, 2010]. This same concern has to feature 
for every other country with an industrial or urban component, or indeed for life as we know it 
today.  
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In Figure 2.1 breakdowns are provided as to the energy demand per use in the major 
sectors as well as energy supply per energy carrier as predicted up to the year 2025 [PFC 
Energy, 2009]. 

 
 
Figure 2.1  Energy demand by use [PFC Energy, 2009] 
[Report done for the International Energy Forum, written permission obtained from PFC on 13 March 2012]  

Up to the time of the Industrial Revolution the major energy carrier was biomass, which even 
around about 1860 satisfied over 70% of the world’s total energy demand. With the change 
to fossil fuels, the contribution of biomass declined to about 7% by 1990 [Klass, 1998]. 
Resulting from the unprecedented growth in demand for these fossil fuels, largely coal, oil 
and natural gas, which by definition and in practice will take millions of years to replenish, for 
contemporary mankind, proven recoverable reserves will not be able to sustain the 
consumption. At the present consumption levels of about 85 million barrels of oil a day and 
260 million cubic feet of natural gas, the reserves represent 40 years of oil and 64 years of 
natural gas [Vasudevan, 2008]. This was already predicted as early as 1955 when 
Farrington Daniels, professor of chemistry at the University of Wisconsin from 1920 to 1959 
stated: “…. Our fuels were produced millions of years ago and through geological accident 
preserved for us in the form of coal, oil and gas. These are essentially irreplaceable, yet we 
are using them at a rapid rate. Although exhaustion of our fossil fuels is not imminent, it is 
inevitable ” [Klass, 1998]. 
 
Not all the energy available to mankind is associated with the element carbon, for example, 
energy derived from geothermal sources, nuclear fission and fusion, hydro and wave energy, 
solar energy captured through photovoltaic- and heat transfer, or wind energy. In 1912 
though, the distinguished scientist Prof. Giacomo Ciamician from the University of Bologna, 
Italy remarked that “..Up to now the development of civilization has been based on coal, 
which is fossil solar energy. It would be much more convenient to use the solar energy that 
arrives every day on the earth…” [Balzani, 2008]. With transportation in mind, the word 
“coal” would have probably been “oil”, if written today. 
 
One can differentiate between dispersed energy as it arrives from the sun and is then 
captured by plants stockpiling only 1% of the energy striking their leaves, and more 
concentrated energy forms such as that available through fossil fuels or the kinetic energy 
from water and wind. These forms of energy still originate from the sun, as opposed to 
unstable radioactive elements “that can be coaxed into nuclear misbehaviour under exacting 
conditions”  [Greer, 2010]. The difference in energy concentration between the energy 
source and the environment provides the amount of work attributable to that source in terms 
of the second law of thermodynamics [Greer, 2010].                                                 
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The Earth’s carbon is in a perpetual state of flux and associated with this element many 
reversible and irreversible chemical reactions occur in such a manner that the carbon cycle, 
often stated in the context of promoting renewable energy, happens in all cases because 
carbon cannot be consumed. It is simply a matter of time that makes one form of carbon in 
the form of energy more renewable than another [Klass, 1998]. 
 
The literature consulted shows many examples of the carbon cycle. In a study of using 
biomass and coal for Fischer-Tropsch (FT) fuels, an informative picture is presented as to 
the carbon cycle in operation. This figure is presented in Figure 2.2 with acknowledgment to 
the authors from the Princeton Environmental Institute [Kreutz, 2008]. 
 
 

 
 
Figure 2.2  The carbon cycle for a FTL plant using biomass and coal as feed stocks 
[Kreutz, 2008] 
 
 
Where fixed carbon-containing materials renew themselves over a time span short enough 
to make them continuously available in large quantities to maintain and supplement energy 
supplies, these could be termed ” renewable carbon resources”, a major source of carbon 
meeting these requirements being biomass. 
 

2.2 OVERVIEW ON ENERGY, RELATIONSHIPS AND CONCEPTS 

 
The dynamics around fossil-derived energy and renewable energy, the associated energy 
carriers, products like liquid fuels and their effect on the environment, need to be understood 
for making informed decisions on products like biodiesel. Such understanding is however not 
germane to answering the specific research question on the economic feasibility of 
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commercial biodiesel production in South Africa, which is the topic addressed in the main 
document in this dissertation. In this paragraph the highlights of the relevant investigative 
research work are recorded, the more detailed discussion being done in Appendix D. The 
work informs some of the findings and secondly has the purpose of stimulating debate on 
some aspects of biodiesel production beyond economic comparisons. 
 
On photosynthesis, the maximum theoretical yield of the photosynthetic process is no more 
than 6,5%. Each vegetal culture has a photosynthetic capacity which relates to the quantity 
of CO2 absorbed per unit of time depending on the process mechanism, radiation intensity, 
temperature – optimally between 20ºC and 25ºC - , CO2 concentration and availability. 
 
Geothermal energy has unlimited potential with a capacity to supply 130 000 times the 
present electricity needs in the U.S. and is considered a renewable resource. In contrast, 
there is huge focus on oil shales in North America, which is not a renewable resource. For 
South Africa, its reserves of oil shales will have a bearing on the total amount of energy 
needed and the direction the energy industry could be moving. It will therefore influence 
thinking on renewables, including biodiesel and hence more information on this potential 
energy source is provided in the appendix. It is known that the South African government 
wants to increase the role of gas in the energy mix in South Africa. 
 
The “myth of carbon neutrality” is discussed and the associated issue that carbon is not free. 
This leads to the observation that there are “large overestimates of global energy potential” 
[Searchinger, 2010] and the claim that evidence is mounting that biofuels do serious harm to 
the earth’s climate [Harrison, 2010; Dunmore, 2011]. 
 
As food scarcity and the explosion of the world population are seen to be the two biggest 
crises facing humanity in the 21st century, the impact of biofuels could be that 600 million 
more people will be hungry within 10 years than the number today. This is seen to be due to 
the potential impact of biofuels expansion [Rice, 2010]. Attention is drawn to the global 
hunger index (GHI) which is presented pictorially for a number of countries in Figure 12.19. 
With biofuels it is seen that a two headed beast of good intentions and inintended 
consequences is rearing its head in the form of environmental degradation and higher food 
prices [Carden, 2010]. At the same time the issue of land use and agriculture is seen as a 
looming global crisis which could undermine the health, security and sustainability of 
civilisation [Foley, 2008].  
 
From another perspective, it is seen that the developed world is dumping its environmental 
problems on the developing world with devastating effects on local people [Pearce, 2005]. 
The focus on climate change though, vastly overrides the views  of solar scientists on solar 
phenomena. Measures to change the position on global warming are adaption, mitigation 
and attempting to reverse industrialisation and urbanisation. 
 
In land use changes a carbon debt is actually incurred measured as the amount of CO2 

released in the process of burning or microbial decomposition of organic carbon stored in 
plant biomass and soils during the first fifty years of the land change process [Fargione, 
2008]. Commercial biofuel crops can have major negative effects on local food security and 
on the economic, social and cultural dimensions of land use [Cotula, 2008]. Biofuels 
introduce an inelastic variable if it is linked to socio-political issues. 
 
Information on net energy gain and energy balance for different crops was found not to 
feature in the debate on the economic feasibility of biodiesel production in South Africa. In 
Appendix D the concepts of energy balance are discussed in a comprehensive manner. 
Variables are found to be different wherever the concept is applied. Three variables on 
comparing the net energy gain in a particular country for a particular crop are crop 
productivity, oil extraction technique and transesterification technology used [Angarita, 
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2009]. The conversion of feed stock into biodiesel is reported to be more energy intensive 
than refining diesel from crude oil [Frondel, 2007]. The biodiesel chain performs worse than 
the fossil diesel chain on acidification and eutrophication [Hamelinck, 2005].      
 
 

2.3 SUMMARY OF TOPICS COVERED IN THIS CHAPTER AND ITS ASSOCIATED 
APPENDIX D 

 
The fundamentals on energy are reviewed, and topics linked to the fundamentals, including 
photosynthesis, fossil- and renewable energy carriers are documented in Appendix D, 
identified as Chapter 12. These two chapters are summarised in this paragraph. In the 
appendix information on coal, oil, tar sands, oil shale and gas is discussed, including 
suppliers, reserves and costs. Some detail is provided on the South African position, also on 
potential gas deposits. An overview is presented on forms of renewable energy. For biofuels, 
it observed that its sustainability profile is being questioned. This is in contrast with other 
forms of renewable energy, for which high growth rates are reported. 
 
The relationship between fossil derived energy and renewable energy is touched upon, the 
world production, and the different energy sectors. There is a political agenda on energy to 
do with security and development and the clash with food security and the environment. The 
cultivation of energy crops and the associated land use changes do not alleviate poverty and 
hunger issues. Population growth adds another dimension to the problem.  
 
The environmental emphasis is on global warming and climate changes. These changes 
have some serious effects such as the destruction of habitat and biodiversity, generating 
dead zones through increased fertiliser and pesticide use, and generating more greenhouse 
gases, which occur differently for the developed- and developing world. The emphasis 
means that phenomena associated with the sun are in the shadow of greenhouse gas 
issues. 
 
Mankind cannot control the sun but can mitigate or adapt to climate change or attempt to 
reverse the effects if the “tipping points” have not yet occurred. Mechanisms such as the 
REDD programme countering deforestation, as well as adaption techniques like the use of 
biofuels and ‘engineering’ optimal infrastructure, suitable crops and finding comparative 
advantanges like in South Africa, storing CO2, can limit global warming. 
  
The concepts of land use changes and the net energy balance are examined. On land use 
change, the direct change is in changing crops, while the indirect change comes from 
destroying tropical forests acting as carbon sinks whence the potential emissions greatly 
exceed greenhouse savings from the newly planted crops for biofuels production. It is 
argued that the emissions from land use changes are not adequately addressed, in for 
example, the EU biofuels policy, making its assumptions ‘flawed’. Some impacts are macro- 
and micro-economic aspects like ecosystem degradation, freshwater decline and pollution. 
 
If biofuels do not provide a positive energy balance, they should not replace fossil fuels. For 
different crops and different countries, energy input- and outputs are different and benefits in 
biofuels replacing fossil fuels, are case specific. 
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3  ENERGY IN THE TRANSPORTATION SECTOR 
 

3.1 ABRIDGED OVERVIEW 

 
The Industrial Revolution brought about more forms of transport and the use of liquid fuels 
as energy carriers. A specific liquid fuel on which the focus will be in this dissertation, is 
biodiesel. Matters of interest in the Transportation sector on biodiesel are discussed in this 
chapter, and also in Appendix E where issues worth knowing are mentioned, judging that 
those issues do not have a direct effect on answering the specific research question. 
 
The production of goods and the transport associated with its distribution created the need 
for fuels. Firstly coal replaced wood, but with the development of the oil industry, liquid fuels 
were produced. These fuels facilitated urbanisation, economic and industrial development, 
but also created more pollution and increased concentrations of CO2 in the atmosphere. The 
demand for liquid fuels is projected to increase more rapidly in the Transportation sector, 
which shows greater inelasticity to higher fuel prices, compared to other sectors such as the 
utility industry. 
 

3.2 MODES OF TRANSPORTATION AND IGNITION COMPRESSION FUELS 

 
A more comprehensive account of modes of transportation is provided in Appendix E. One 
mode which is using vast quantities of the liquid fuel, diesel, is road transport. The engines 
utilised in heavy vehicles, are ignition compression engines, in contrast to spark-ignition 
engines using petrol (gasoline). The principle of operation of the ignition compression engine 
was the subject of a patent granted to Rudolf Diesel in 1893. The diesel engine originally 
used peanut oil as its energy carrier, but the the requirements of the modern day diesel 
engine dictate the use of petroleum derived diesel. Vegetable oils display disadvantages, but 
the product brought about by its transesterification reaction with primary alcohols, biodiesel , 
can be used as the energy carrier, either on its own, or as a blend with diesel.  
 
Other products with similar characteristics to diesel or seen to emulate diesel and derived 
from divergent sources, are more fully described in Appendix E. These products emanate 
from technologies such as pyrolysis, catalytic cracking and Fischer-Tropsch synthesis, the 
feed stock being coal, gas, biomass and other cellulosic sources. There are at least five 
forms of renewable diesel, to be distinguished from biodiesel, on which more detail is 
provided in Appendix E. The most successful renwable diesel is a hydrogenation product 
derived using the NExBTL process from Neste Oil, an organisation based in Finland. 
 
Research is also conducted on the biosynthesis of bulk plant materials., the product being 
called ‘microdiesel’. This research is also more comprehensively described in Appendix E. 
There are also naturally occurring types of diesel fuels, derived through the action of fungi or 
even from tapping Copaifera langsdorfii trees, nicknamed the diesel tree. The oil content of 
trees, shrubs and plants are of considerable interest, as these compounds contain 
triglycerides, the feed stock for biodiesel production.  

3.3 TRANSPORT FUEL CONSUMPTION 

 
Appendix E contains a paragraph on transport fuel consumption, which briefly describes the 
interest of the aviation industry in biodiesel. This interest is associated with the volume of 
aviation fuel being used and the concern about environmental issues introduced by the 
increasing volume of air transport. 
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3.4  BIOFUELS IN THE TRANSPORTATION SECTOR 

 
As for ethanol and biodiesel, in 2007 these fuels together provided more than 1,8% of the 
world’s transport fuel by energy value at 36 million tonnes of energy equivalent (Mtoe), out of 
a total of 2 007 Mtoe [Bringezu, 2009]. These two fuels are dominant on a global scale with 
the use of other fuels like biogas and pure plant oils restricted to pilot studies or at regional 
or local places. As of 2008, second generation biofuel plants were emerging, mostly in 
countries in the developed world. More information on the volumes is given in the section on 
biodiesel production later in this chapter. 

3.5  WORLD DIESEL CONSUMPTION 

 
The world consumes about 21 million barrels of diesel each day which if substituted with 
biodiesel, means that about 23 million barrels wil have to be produced each day  [De La 
Torre Ugarte, 2006]. During 2009 the diesel consumption for Europe was calculated to be 
200,8 million tonnes, compared to 163 million tonnes in 2003. 

3.6 WORLD BIODIESEL PRODUCTION AND POTENTIAL 

 
Biodiesel as a significant energy carrier in the transportation sector is a relatively recent 
phenomenon. In 1992 market development activities and research started in the U.S. 
primarily under the auspices of the National SoyDiesel Development Board [Körbitz, 2003]. 
The main drivers for U.S. interest were the decreasing domestic production and increasing 
energy needs as well the introduction of the Clean Air Act and The Energy Policy Act of 
1992, (EPACT), the latter act requiring fleets to purchase vehicles capable of operating on 
non-petroleum fuels. In Europe, the commercial production of biodiesel commenced at the 
same time in Austria [European Biodiesel Board, 2009 (EBB)]. 
 
In world-wide production Europe took the lead with more than 1,6 million ton biodiesel 
produced in 2002. In Figure 3.4 a dramatic expansion is observed on EU and Member 
States Biodiesel production.  

 
 

 
 
Figure 3.1  EU biodiesel production [EBB, 2010] 
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Whereas up to the end of 2008, there has been a tremendous growth in biodiesel production 
all over the world, there is now a marked decline in the volume produced in certain countries. 
For the EU-27 countries, biodiesel production was 5,713 million tonnes in 2007, an increase 
of 16,8% on the 2006 figure. Based on 330 working days, the EU-27 biodiesel production 
capacity as of June 2008 was estimated at 16 million tonnes [European Biodiesel Board, 
Nov 2008]. In contrast to capacity, biodiesel production was 7,7 million tonnes from about 
276 plants, still an increase of 35,7% on 2007 figures. This production volume increased to 
9,046 million tonnes in 2009. The capacity of the European biodiesel facilities stood at 21 
904 000 tonnes from 245 plants as in mid 2010.This came about because of the plants 
planned during 2007, some of which were standing idle in 2010 [EBB, 2010]. The global 
biodiesel production was estimated to be 12,2 million tons in 2008 [Röttig, 2010]. The recent 
growth has to be compared with 2005 and 2006 biodiesel production which increased by 
65% and 54% respectively. The increase in biodiesel production in 2007 and 2008 was also 
not in line with the EU objectives for climate change mitigation outlined in the EU Renewable 
Energy Directive (RED) 2009/28 [Biofuels news, 2009 (July22)]. 
 
The decline in biodiesel production is illustrated by considering information released on the 
position in Germany as at the end of April 2009. The German biodiesel industry was working 
at below 60% of capacity estimated at 4,8 million tons per year because of higher taxes on 
green fuels and reduced blending levels with fossil fuels. Secondly, consumption was 
estimated at 2,5 million tons for 2009, compared to 2,7 million tons in 2008 and 3,3 million 
tons in 2007 [Biofuels-news, 2009, (April 29)]. The total plant capacity in Germany from the 
45 plants listed was 4 962 000 tonnes/year  [Bockey, 2010]. 
 
The 2009 figures published by Bundesamt für Wirtshaft und Ausfuhrkontrole (Federal Office 
of Economics and Export Control – BAFA) showed that domestic consumption of B100 in 
Germany had fallen by 77,8 percent compared to 2008, i.e. from 1,1 million tonnes to 240 
600 tonnes. Plant oil fuel decreased from around 400 000 tonnes to 100 000 tonnes. 
Increased biodiesel blend sales of 663 500 tonnes resulted in volumes only matching 2007 
figures [Biofuel-news, 2010 (April 29)]. 
 
For the EU, the total estimated capacity was close to 22 million tonnes for the 2009 year 
end, with however at least 50% of existing plants standing idle. This is ascribed to a slump in 
margins for EU biodiesel producers and cheap imports from the U.S., despite an extension 
of five years in anti–dumping tariffs [Biofuels–news, 2009 (July 16)]. The mechanism that the 
U.S. producers followed is described in a later paragraph. The profitability of EU biodiesel 
producers was severely affected since early 2007 as they had to compete with heavily 
subsidised and dumped biodiesel from the U.S., known as B99, which at times were sold at 
a lower price than the feed stock material, soybean oil [Biofuel news, 2009 (August 22)]. For 
one Swiss – German producer, Biopetrol, this meant  a reduction in turnover from 139,8 
million euros to 69,7 million euros with a EBIT loss of 13,7 million euros compared to 3,1 
million euros in the same time in 2008 [Hogan, 2009]. The second reason for the slump in 
production, was given as the duty free imports of biodiesel from Argentina [EBB, 2010]. 
 
Since the nineties, the main drivers in the U.S. for increased biodiesel demand were the 
projected high energy prices and incentives provided by EPACT 05 and individual States. 
EPACT 05 mandates that a minimum of 7,5 million US gallons of renewable fuels (ethanol 
and biodiesel) be used in the nations’ motor fuel by 2012, as reported in 2006 [Urbanchuk, 
2006]. 
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Figure 3.2  U.S. biodiesel production [NBB, 2009] 
 
 For the U.S., biodiesel production for 2008 was estimated at 700 million US gallons. This 
contrasts to a use of 500 000 US gallons in 1999 and 75 million US gallons in 2005. 
Interestingly, the U.S. capacity was 395 million US gallons from 65 manufacturing plants. In 
2006 eight plants were expanding and 50 plants were under construction, representing a 
total capacity of 714 million US gallons [Urbanchuk, 2006].  Fairly recent forecasts showed a 
decline of 50% on the 2008 figure [National Biodiesel Board, Biofuels news, 2009 (June 25)]. 
The National Biodiesel Board in fact estimated total sales of 475 million gallons for 2009, 
compared to a production capacity of 2,7 billion gallons from 173 American companies 
[Urbanchuk, 2009]. The U.S. capacity of 2,7 billion US gallons from 173 plants was 
confirmed in a report on the devasting effect of the expiration of the $1,10/US gallon (€ 0,8; 
R7,70) biodiesel tax credit at the end of 2009. This event nearly forced the closure of all U.S. 
plants [Biofuels news, 2010 (June 1)].    
 
Some of the factors are the slow down in economic growth associated with the recession in 
countries like the United States of America (U.S.), the change in fiscal support in Germany, 
the lower crude oil prices compared to mid 2009, and a loss of enthusiasm for renewable 
energy as the only solution to environmental issues such as climate change. 
 
For the U.S. in particular, another factor that severely curtailed biodiesel production, was the 
introduction of a temporary import duty of $1,70/gallon by the EU governments on U.S. 
biodiesel exports to the EU. U.S. biodiesel companies developed a “splash and dash” 
blending industry to export about 450 million US gallons to the EU in 2008, which exceeded 
the amount of biodiesel produced from soybean oil and may have included imported palm oil 
based biodiesel that was blended with diesel and exported. The U.S. blenders collected a 
blending tax credit of $1 per gallon in the process and precipitated EU intervention through 
political processes in response to concerns from EU producers [Wisner, 2009]. 
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As illustration of some of the factors the case of the largest biodiesel refinery in the U.S. can 
be cited. The GreenHunter Energy plant located at Houston, Texas, with a capacity of 105 
MMGY completed in June 2008 and a capital cost tag of $70 million had been sitting idle 
since February 2009 and was shut down in June 2009. Reasons cited were that the global 
recession dampened demand for fuel, energy prices fell drastically and the U.S. federal 
mandate to produce 50 million US gallons of biodiesel per year had still not been initiated 
[Biofuels news, 2009 (June 25)]. 
 
In South America and Asia there has been a tremendous increase in the production of oil 
seeds like soya beans and palm oil, respectively. This is ascribed to the fact that the 
competitive edge for liquid biofuel production seems to lie with developing countries that 
have favourable climatic and environmental conditions for plant growth, low labour costs, low 
energy input in agricultural production and hence low production costs for energy crops 
[Lamers, 2008]. 
 
If the position in Argentina is examined, it is the world’s third largest soybean producer (after 
Brazil and the U.S.) and the biggest exporter of soybean oil. With the most efficient and 
technologically advanced milling equipment, it already had a daily vegetable oils milling 
capacity of 154 174 tonnes in 2005 [Lamers, 2008].  Its biodiesel capacity expanded from 
the volume produced by entrepreneurs, farmers and enthusiasts in 2005, to an annual 
production of 1 080 000 tonnes in 2008 and a short term projected capacity of 3 530 000 
tonnes [Lamers, 2008].  Already 18 commercial biodiesel facilities averaging 83 000 tonnes 
a year can produce 1,4 million tonnes and the number of plants was expected to be 34 by 
the end of 2009 [Biofuels news, 2008 (October 24)]. In fact cheap Argentinian biodiesel 
imports, which are replacing the U.S. B99 fuel, was blamed for the decline in EU production, 
together with increased taxes, which collapsed petrol station sales during the first half of 
2009 [Hogan, 2009]. 
 
In Brazil, 47,3% of the national energy matrix consists of renewable energy compared to less 
than 8% for the OECD countries. Brazil is more successful with its petrol substitution 
process and within the North East Brazil alone, 73 plants are able to crush sugarcane, 
coupled to tax incentives. The short distance between mills and the ports allows Brazil to 
also increase its biodiesel capacity with three new plants added to the four plants already 
operating in the Petrobras organisation [Hirt, 2010]. 
 
Brazil is not only the second largest soybean producer in the world, with a well developed 
soybean processing industry, but also has different vegetable oils sources including 
soybean, coconut, castor seed, cottonseed, sunflower, palm trees and others. This is due to 
its great biodiversity, diversified climate and soil conditions [Pousa, 2007]. It is the world 
leader in ethanol production, but its biodiesel production chain is still being structured. 
 
With diesel consumption at 40 billion litres per year, at a B2 level the Brazilian biodiesel 
market is 800 million litres growing to 2 billion litres by 2013. This volume of biodiesel is 
forecast to increase to 3,5 billion litres by 2017 – (Helms from Petrobras) [Hirt, 2010]. The 
PROBIODIESEL petroleum diesel substitution program through Decree 702 of October 2002 
is aimed at a B5 blend initially with a B20 blend after 15 years, using ethanol as the 
preferred alcohol in the transesterification reaction [Pousa, 2007]. The Brazilian program 
aims for the partial substitution of diesel to contribute to social and agricultural development, 
as well as diminishing Brazil’s external dependence on this fossil fuel.  
 
The developing countries in Asia, with the exception of China, have massive commitments in 
terms of land to palm, although coconut is the main feed stock in the Philippines. The main 
producers of vegetable oils and biodiesel are Malaysia and Indonesia, with countries like 
India working on programs using non edible feed stocks because of food security issues. 
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This is also the case in China where using edible oils to produce biodiesel is not 
encouraged. China imports more than 400 million tons of edible oil annually to satisfy its 
consumption needs [Lu, 2008]. It can, therefore, be expected that China will focus on non- 
edible oils, waste vegetable oils and other innovative ways to make biodiesel as it has the 
same universal constraints with respect to diesel from fossil origins in a growing economy. A 
2010 selling price for biodiesel in China (Gushan Environmental Energy-2010 second 
quarter result) was $654,6/tonne. 
 
 As a developed country, the biodiesel production in Japan is surprisingly small, mostly with 
used waste oil as feed stock, the capacity being below 20 000 tonnes per year [Wahid, 
2009]. 
 
For Malaysia, as at the end of the third quarter 2009, there were 91 biofuel licences 
approved by Government but only 10 plants were actually in operation [Patterson, 2009]. 
This amounted to 1,5 million tonnes of biodiesel against a potential production of 10,2 million 
tonnes. To fulfil the aims of the government’s B5 programme, 500 000 tonnes of biodiesel 
are needed. Ignoring additional voluntary biodiesel consumption, 1 million tonnes is available 
for export. However, steep increases in palm oil prices mean that Malaysian biodiesel costs 
RM2,80 per litre compared to about RM1,70 for standard fuel. With that price goes a U.S. 
tax incentive of $1 a gallon for U.S. produced biodiesel, effectively knocking Malaysia out of 
the international market.  
 
During 2010 the Malaysian biodiesel industry position deteriorated to the extent that with a 
production capacity of 2,6 million tonnes, only 137 tonnes were exported during July 2010, 
compared to 2 518 tonnes in June [Adnan, 2010]. Malaysia focused on exporting biodiesel 
as a result of a lack of subsidies and government support for local producers, coupled to 
high feed stock prices. With crude palm oil sold at RM2 500/tonne and Tapis crude oil at 
US$80 to US$90 per barrel, the chairman and managing director David Ho of Carotech Bhd, 
a big Malaysian producer, estimated that it costs 60sen per litre more to produce than 
petroleum diesel. Carotech Bhd has turned to the extraction and sale of palm oil, 
phytonutrients and oleochemical products [Adnan, 2010]. The September 2011 projection for 
palm oil prices in 2012, is given to be RM3 100/tonne, making the cost of biodiesel more 
uncompetitive, except if there is a dramatic increase in crude oil prices. 
 
As of April 2011 crude oil is being traded at US$112 per barrel compared to palm oil being 
traded at the equivalent of US$155 per barrel and biodiesel at US$185 per barrel [Bernama, 
2011]. The investment research company OSK Research Sdn Bhd suggests that the 
biodiesel processing margin is too thin for spurts in the crude oil price to stimulate biodiesel 
production, also because crude palm oil futures were being contracted at RM3 417/tonne for 
June 2011. A 2011 average price of RM2 750/tonne is expected for crude palm oil.    
 
Compared to the countries and continents cited, Africa does not feature. Chinese 
investments in Africa and comments on recolonialization with feed stocks such as jatropha 
have been made [Parsons, 2007]. Lately it has been reported that huge investments are 
made in Mozambique to establish plantations for feed stock that may eventuate in vegetable 
oils being produced and exported or converted to biodiesel. Some $700 million was already 
committed to biofuel production in 2007 and over five million hectares of land had been 
identified as available [Byrne, 2007]. For countries in Africa, their status as United Nations 
Least Developed Countries provides them with tariff-free access to the EU for their goods. 
Other countries like Senegal also have biofuel initiatives based on the same approach as in 
Mozambique [Byrne, 2007]. 
 
South Africa has a cottage biodiesel industry but no commercial plants of note as yet. It is 
estimated that there are some 200 operators, mostly using waste oil as feed stock [Van Zyl, 
2009]. The total production is thought to be in the order of 400 tonnes per year. On a number 
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of occasions announcements were made of biodiesel plants being built, the latest one being 
on a 50 million litres a year facility at R250 million (€20 million) from a biodiesel production 
company First In Spec BioDiesel [Rizner, 2009]. A second plant with a capacity of 288 
million litres per year as an integrated facility announced by Rainbow Nation Renewable 
Fuels Limited (RNRF) was apparently awaiting potential investors before the project could 
continue [Esterhuizen, 2009]. 
 
If the position for biodiesel production for the world is then summarized, the projected figure 
was eight million tonnes for 2008 [Steenblik, 2006]. In 2006 it was envisaged that biodiesel 
production would increase at a rapid rate with several developing countries like Brazil, 
China, India and Malaysia poised to join the ranks of major producers. With a world demand 
for diesel estimated at 1 500 million tonnes by 2020, considering the ease of substitution in 
ignition compression engines and potential environmental impacts, there is scope for 
enormous expansion of biodiesel production. There are however also limits, including the 
fact that if palm oil were the only source for biodiesel in 2000 replacing the then consumption 
of diesel, an area of 2,15 million km²  would have been required. 
 
In a study purporting to represent a consistent national-level evaluation of potential biodiesel 
volumes and prices, replicated across 226 countries, territories and protectorates, utilizing all 
commercially exported feed stocks, a variety of economic energy, economic and 
environmental metrics were used. The study showed an upper limit worldwide volume 
potential of 51 billion litres from 119 countries, but also concluded that there are many 
untapped opportunities present in many developing countries [Johnston, 2007]. 

3.7  COMPARISON OF DIESEL AND BIODIESEL 

3.7.1 Comparison 

 
A meaningful way to compare diesel derived from crude oil and biodiesel derived in the main 
from oil seeds at present, is to compare material and energy inputs into the processes for 
producing the two substances, as well as the outputs associated with the two fuels. For that 
to happen, the life cycle impacts of diesel and biodiesel have to be compared. Although 
South Africa does not have a biodiesel production commercial industry as yet, one of the 
crops earmarked for biodiesel production is soya beans. This feed stock is also the 
predominant crop used in the production of biodiesel in the U.S.. The primary alcohol mainly 
used in transesterification is methanol, hence the product mentioned in the comparison 
being methyl soyate. 
 
In the comparison, as for the net energy balance discussed in Chapter 2, system boundaries 
have to be considered. In the case of diesel, the system boundaries are the average 
refinery. The database, however, includes the transportation of crude oil and process feeds 
to the refinery [Oehmichen, 2010]. In the report from the Deutches Biomasse Forschungs 
Zentrum (DBFZ), a report from the United Soybean Board Life Cycle Profile, released in 
February 2010, is incorporated. This report is also used by the formerly mentioned Centre 
for its work on greenhouse gas comparisons [Oehmichen, 2010]. 
 
In the case of methyl soyate (biodiesel) the system boundaries are defined by the system 
study, namely soy agriculture, soy crude oil- and soymeal production (crushing), soy oil 
refining and methyl soyate production. Of concern is that in the American case the average 
yields of soybeans for the years 2004 through 2007 was 1 120 kg/acre or 2 767 kg/ha at 
2,4710 acre/ha. (United States Department of Agriculture (USDA) National Agricultural 
Statistics Service Database). In contrast, for South Africa the following yields were reported 
for the period 2006-2009 [BFAP, 2009], as compiled in Table 3-1: 
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Table 3-1  Soybean yields for South Africa over 4 seasons [BFAP, 2009] 
 

Product Season/year 

Soybeans 2006 2007 2008 2009 

Area harvested (thousand ha)  241 183 165 225 

Production (thousand tonnes)  409 196 264 405 

Average yield (tonnes/ha)  1,7 1,07 1,6 1,8 

 
The material and energy inputs for South Africa could well be different to those used for the 
American case, however, the same could be true for Brazilian or Argentinian inputs. In 
Chapter 5 the production costs for the earmarked crops for biodiesel will be discussed and a 
view could then be taken on the validity of the diesel to biodiesel comparison for South 
Africa. The same reasoning applies to refinery material and energy inputs as ideally South 
African inputs should be used. The aim is to compare the two energy carriers and for the 
purpose of this dissertation the information given is useful. 
 
Looking at environmental parameters, five impact categories were assessed by Calzoni,  et 
al., (2000) as reported in a study on biodiesel options in Greece [Panoutsou, 2008]. In this 
case the methyl ester derived from sunflower oil was used. The sunflower was assumed to 
be cultivated on set-aside land, sunflower seeds harvested and stored, transported, the oil 
extracted and the meal used for animal feeds. For diesel the crude oil was extracted in 
OPEC countries, transported to and refined in Europe, the diesel fuel then transported to 
filling stations and sold to users. In crop agronomy, compared to soybeans, fertiliser use and 
agricultural practices would be different, but the general picture would not be dissimilar for 
both crops and diesel in South Africa, so the results for sunflower methyl ester (SME) are 
relevant. These results are given in Table 3-2 [Panoutsou, 2008]: 
 
Table 3-2  Environmental assessment of sunflower biodiesel (SME) compared with 
diesel in the transportation sector [Panoutsou, 2008] 
 

Impact category Unit SME Diesel 

Use of fossil fuels MJ/MJ useful energy 0,8 3,57 

Greenhouse effect CO2 eq./MJ useful energy 124,77 268,65 

Acidification SO2 eq./MJ useful energy 1,24 0,74 

Eutrophication NO3 eq./MJ useful energy 12,27 4,22 

Summer smog Ethen eq./MJ useful energy 0,11 0,12 

 
 
Whereas diesel has a greater greenhouse effect than biodiesel derived from soybeans, it 
has a lower acidification and eutrophication effect per unit of useful energy. The NO3 effect is 
pronounced, meaning that biodiesel is a worse environment polluter. This is probably due to 
the oxygen content in the molecule and the reactions taking place during combustion. 
  
From the study of the United Soybean Board incorporated in a DBFZ report, the diesel 
comparison results are given in Table 3-3 [Oehmichen, 2010]. In Table 3-3 a colour code 
key is provided which indicates firstly, that when values are within 10%, results are 
considered equivalent. Ratios above 1 are considered better for soy and conversely below 1 
worse for soy. A value of 0.30 (unit denotion per Oehmichen) means the petroleum product’s 
impact value is 30% of that for the soy product. The values were generated secondly, from 
the impact categories summarised in the DBFZ report. Very high figures for diesel are noted 
for toxicities to the human being, also on smog formation potential. 
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Table 3-3  Comparison between Methyl Soyate and Petroleum-based Diesel (1 000kg 
output) [Oehmichen, 2010]  
 
 

 
 

Table 3-4  U.S. LCI database inputs and outputs per 1000 lbs refined petroleum 
 
 Input or Output (American unit notation)        Quantity per 1000 lbs refined petroleum 
Input         Raw materials 
                    Crude oil                                       1034 lbs 
                Process energy 
                   Electricity                                       64.9 kHh 
                   LPG                                               0.14 US gallon 
                   Natural gas                                    178 cubic ft 
                   Residual oil                                    3.26 US gallon 
                  Water (process and cooling)          249 US gallon 
Outputs 
             Air emissions 
                  Aldehydes                                       0.042 lbs 
                  Ammonia                                         0.021 lbs 
                  Carbon monoxide                            133 lbs 
                  Carbon tetrachloride                        1.2 E-08 lbs 
                  CFC12                                             1.2 E-08 lbs 
                  Hydrocarbons (other than methane) 2.03 lbs 
                  Methane                                           0.071 lbs 
                  NOx                                                   0.33  lbs 
                  Particulates (unspecified PM)           0.24 lbs 
                  SOx                                                   2.35 lbs 
                  Trichloroethane                                9.7 E-08 lbs 
           Water effluents   
               BOD 5                                                  0.034 lbs 
               COD                                                     0.23 lbs 
               Chromium (hexavalent)                       3.7 E-05 lbs 
               Chromium (unspecified)                      5.7 E-04 lbs 
               Oil and grease                                     0.11 lbs 
               Phenolic compounds                           2.3 E-04 lbs 
               Sulfide                                                 1.9 E-04 lbs 
               Total suspended solids                        0.028 lbs 
          Solid waste 
               Solid waste (unspecified)                    5.60 lbs 
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From Table 3-3 and Table 3-4 and on the general inputs and outputs of petroleum refining, 
information can be generated which can be compared with equivalent information on methyl 
soyate production as provided in Chapter 7. This will allow comparisons on factors which are 
not directly price related. This approach will not be pursued in this study.      

3.7.2  Sources 

 
The source for diesel is crude oil, which is subjected to a number of processes as described 
in section 3.7.3 in this chapter. The sources for biodiesel are lipids, which are converted in a 
number of processes along a few process routes more comprehensively  described in 
Chapter 6 of this dissertation. 

3.7.3  Manufacturing and refining processes 

 
The crude oil is transported with tankers or by pipelines from the oil fields to refineries which 
will process some 84 million barrels of crude oil produced per day. In the refinery the crude 
oil is the feed stock to manufacture, as economically as possible, the necessary quantities of 
gas, petrol, kerosene, gas oil, lubricating oil, fuel oil, wax and asphaltic bitumen [Shell, 
1966]. The processes can be grouped into four main categories namely physical separation, 
chemical conversion, treating- and subsidiary processes. 
 
In physical separation the hydrocarbon molecules in the crude oil are not changed in 
structure and no new compounds are formed. The main unit processes are distillation, 
crystallization, solvent extraction and adsorption. In chemical conversion processes the 
hydrocarbon molecules are changed in size and structure. This is accomplished through 
break-down processes such as thermal- and catalytic cracking; build-up processes such as 
polymerization and alkylation; type-change processes such as dehydrogenation, 
isomerization, cyclization, thermal- and catalytic reforming and asphalt blowing. In treating 
processes physical characteristics such as odour, colour and the removal of intermediate 
products are done. Subsidiary processes involve blending, the use of additives to impair 
desired qualities in products such as lubricants, greases and other refined oil products 
[Shell, 1966]. 
 
In Tables 3-5 and 3-6 the hydrocarbon contents of crude oil and the physical properties of 
petroleum products are given [Myint, 2007]: 
 
Table 3-5  Hydrocarbon content of crude oil [ATSDR, 1995; OTM, 1999] 
 
   Hydrocarbon General Chain type   State at roo        Examples 
    Formula     temperature 
 
Paraffines  CnH2n+2  Linear or    Gas or liquid       Methane, propane 
 (Aliphatic)  (n=1 to n=20) branched         hexane. 
Aromatic  C6H5-Y  One or more    Liquid        Benzene, 
   Y= chain benzene rings         Napthalene 
Napthenes  CnH2n  One or more    Liquid       Cyclohexane,  
     cyclohexanes         m-cyclohexane 
Alkenes  CnH2n  Linear/branch-    Gas/liquid       Ethylene, butane 
 (Olefins)    ed one or more          Isobutene 
     double bonds 
Dienes or  CnH2n-2  Triple bond    Gas or liquid       Butadiene, 
Alkynes              Acetylene 
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Table 3-6  Physical properties and mass fractions of petroleum products in refinery 
outputs [Myint, 2007, quoting Freudenrich, 2001; Oehmichen, 2010] 
 
  Product types        Mass              Boiling range (ºC)      Chain type. 
                                fraction 
Petroleum gas         2,7                  Less than 40             Alkanes (1-4 C atoms) 
Naptha                     4,5                  60 – 100                   Alkanes (5-9 C atoms) 
Gasoline (petrol)     42,0                 40 – 205                   Alkanes and rings 
                                                                                         (5-12 C atoms) 
Kerosine                  9,1                  175 – 325                  Alkanes, aromatics 
                                                                                         (10-18 C atoms) 
Diesel distillate        21,9                 250 – 350                 Alkanes, aromatics 
                                                                                         (12 or more C atoms) 
Lubricating oil          1,3                   300 – 370                 Alkanes, aromatics 
                                                                                         (20 to 50 C atoms) 
Heavy gas oil           4,9                   370 – 600                Alkanes, aromatics 
                                                                                         (20 to 70 C atoms) 
Residuals               13,6                  Greater than 600     Multiple ring compounds 
                                                                                        (70 or more C atoms) 
 
 
On the other hand biodiesel is produced from the oils and fats obtained mostly from 
oleagineous plants and animals through unit processes including the removal of undesirable 
compounds, the esterification and/or transesterification of acylglycerols and the subsequent 
purifying of the products. The technologies employed are discussed in Chapters 5 and 6, 
respectively. The inputs and outputs are given in Chapter 7. In Chapter 5 information is 
given on agricultural inputs per 1 000 kg soya beans, as well as inputs on soybean 
processing. 

3.7.4  Performance of triglycerides and derivatives in ignition compression engines 

 
Although Rudolf Diesel, the inventor of the engine that bears his name, used vegetable oil as 
a fuel in his engines as early as 1900, the use of readily available, inexpensive and 
abundant supplies of petroleum based fuels in ignition compression engines since then 
inhibited more extensive or universal use of triglycerides and their derivatives [Peterson, 
1991].  In the last decade, in particular the esters of vegetable oils have emerged as direct 
replacements of diesel fuel, due to their renewable classification and environmental 
attributes. 
 
Vegetable oils have energy contents of about 10 percent less than diesel on a mass basis. 
They have higher molecular weights, viscosities, densities and flash points compared to 
diesel. When vegetable oil esters are compared to diesel fuel in engine tests, power and fuel 
consumption are in nearly direct proportion to the energy content of the fuels. Thermal 
efficiencies have been shown to be slightly higher, thought to be a result of the oxygenation 
of the fuel. Engine smoke is reduced but gaseous emissions, in particular NOx may be 
higher, as was reported in Table 3-2. The CO2 production from the engine is offset by the 
CO2 utilization in the growing of the feed stock. The fuel is essentially sulphur free, 
compared to diesel with a SOx output at the refinery as shown in Table 3-3, and 
biodegradable, resulting in less severe consequences when used or spilled into the 
environment [Peterson, 1991].  
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3.7.5  Important properties of fuels for ignition compression engines 

 
Relevant fuel properties for optimal performance are informed by the theory of compression 
ignition combustion [Peterson, 1991]. In terms of this theory, primary variables such as 
ignition quality, spray characteristics and surface tension are important, as well as secondary 
parameters such as viscosity, density, conductivity, specific heat, volatility and other physical 
variables such as purity and contaminants. In the different standards and specifications for 
fuels, the tolerances on these variables are specified. Some of the most important 
parameters for fuel specifications and performance are discussed below. 

3.7.5.1 Cetane number 

 
Conceptually the cetane number (CN) as an indicator of fuel quality in diesel engines, is 
similar to the octane number used for petrol or gasoline. It is related to the ignition delay time 
between injection of the diesel fuel (DF) into the engine cylinders and onset of ignition 
[Knothe, 2005]. A cetane number that is too low will cause hard starting, rough and unsteady 
idling, engine clatter and increased exhaust smoke. However, fuels with too high a cetane 
number will burn before there has been a mix between the fuel and the air, and smoking will 
also result [Glock, 2009]. Worldwide, standards have been established to determine and 
specify cetane numbers. 
 
The cetane scale is arbitrary and a long straight chain hydrocarbon hexadecane (C16H34) 
with the trivial name cetane is the high quality standard with an assigned CN of 100. This 
long-chain hydrocarbon with 16 carbon atoms does not require a pilot flame or an ignition 
spark and ignites well under high temperature and high pressure conditions [Dunford, 2007].  
A highly branched hydrocarbon, 2,2,4,4,6,8,8,-heptamethylnonane (HMN, also C16H34), a 
compound with poor ignition quality, is the low-quality standard and has an assigned CN of 
15 [Knothe, 2005]. The standard ASTM D975 for conventional diesel fuel (DF) requires a 
minimum CN of 40 while the standards for biodiesel prescribe a minimum of 47 for ASTM 
D6751 or 51 for EN14214 and SANS 1935. 
 
The two reference compounds on the CN scale show that CN decreases with decreasing 
chain length and increasing branching. Aromatic compounds, which occur in significant 
amounts in DF, especially DF2, have low CNs but their CNs increase with increasing size of 
n-alkyl side chains. Furthermore, for conventional diesel fuel, higher CNs have been 
correlated with reduced nitrogen oxide (NOx) emissions. On the other hand, NOx exhaust 
emissions increased slightly when operating a diesel engine on biodiesel, more so with 
increasing unsaturation and decreasing chain length of the fatty alkyl esters. A contributor to 
chain length is the alcohol used in the transesterification reaction to produce biodiesel. The 
relationship between the CN and engine emissions is complicated by many factors, including 
the technology level of the engine [Knothe, 2005]. 
 
In examining issues on the prediction of normalised biodiesel properties for simulation 
purposes in processes for the production of biodiesel, it has been reported by a number of 
researchers that biodiesel derived from sunflower and soybean oils readily has cetane 
numbers below the lower limit of the EN 14214 specification [Garćia, 2010].  Both these feed 
stocks are included in the selected feed stocks in South Africa for biodiesel production, the 
other feed stock being canola oil, which also contains unsaturated triglycerides. As the South 
African standard SANS 1935 correlates well with EN 14214, as compared in Table 3-7, it 
can be predicted that biodiesel from these feed stocks will not easily meet the relevant 
specification on cetane number.  
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3.7.5.2 Heat of combustion  

 
Gross heat of combustion (HG) is a fuel property indicating the suitability of fatty compounds 
as diesel fuel. The heats of combustion of fatty alcohols, fatty esters and triacylglycerols are 
similar and in the range of 1 300kgcal/mole to about 3 500 kgcal/mole for C8-C22 fatty acids 
and esters [Knothe, 2005]. The HG of hexadecane (cetane) is 2 599,1 kgcal/mole at 20 ˚C. 
HG increases with increases in chain length. 
 
If the heating values of biodiesel and conventional diesel are compared, it is found that only 
about 0,92 litre conventional diesel is needed for the same performance as that provided by 
1 litre of biodiesel [Frondel, 2007]. This is due to the heating value of biodiesel roughly 
amounting 32,8 MJ/l whereas the heating value of conventional diesel is as high as 35,7 MJ/l 
[IEA, 1999 as quoted by Frondel, 2007]. 

3.7.5.3 Cold flow properties 

 
Flow properties of diesel fuels are important at low temperatures and test methods aim at 
specifying flow properties at low temperatures or cold filter plugging points. In biodiesel one 
of the major problems is poor low temperature flow properties indicated by relatively high 
cloud points (CP) and pour points (PP). Cloud points which usually occur at a higher 
temperature than the PP, are more important than pour points for improving low temperature 
flow properties, also PPs can more easily be changed by the use of additives, usually 
polymeric in composition [Knothe, 2005]. 
 
By definition the CP is the temperature at which a liquid fatty material becomes cloudy due 
to the formation of crystals and solidification of saturates. It is in fact the temperature at 
which the smallest observable cluster of hydrocarbon crystals first occurs upon cooling 
under defined conditions [Dunford, 2007].  Solids and crystals rapidly grow and agglomerate, 
clogging fuel lines and filters. With decreasing temperature, more solids form and the 
material approaches the pour point, the lowest temperature at which it will still flow. 
Saturated fatty compounds have significantly higher melting points than unsaturated fatty 
compounds and in a mixture they crystallize at higher temperatures than the unsaturates. 
Branched esters in the neat form also have a lower crystallization onset temperature 
because of comparatively lower melting points. Thus biodiesel, with branched esters such as 
iso-propyl, iso-butyl and 2-butyl has better cold flow properties than methyl and ethyl esters 
[Knothe, 2005]. If the saturated compounds are removed by physical processes such as 
winterization, the filtration of solids during cooling, a property such as the CN, will decrease. 

3.7.5.4  Oxidative stability 

 
Oxidation of biodiesel occurs during extended storage and the species formed during the 
oxidation process, cause the fuel to deteriorate. This process is influenced by parameters 
such as the presence of air, heat, elevated temperatures, light, traces of metals, antioxidants 
and the nature of the storage container. The result, with respect to the engine, can be the 
formation of sludge like deposits in the fuel filter and fuel delivery system, as well as the 
formation of hard deposits and lacquers on parts that are present in the combustion process 
[Glock, 2009]. Auto-oxidation is due to the presence of double bonds in the chains of many 
fatty compounds. The auto-oxidation of unsaturated fatty compounds proceeds at different 
rates depending on the number and position of double bonds, thus biodiesel fuels containing 
significant amounts of esters of oleic, linoleic or linolenic acids will have lower oxidative 
stability [Knothe, 2005]. Related to oxidative stability is the iodine value, which is a measure 
of the double bonds present. The higher the iodine number, the lower the cetane number 
[Glock, 2009]. 
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3.7.5.5  Viscosity 

 
The viscosity of vegetable oils is of the order of 10 -20 times that of diesel fuel. When used 
as fuels in ignition compression engines, they cause injector fouling and other engine 
performance problems [Lang, 2001]. The higher the viscosity, the greater the tendency of 
the fuel to form engine deposits as the viscosity affects the atomization of the fuel upon 
injection [Knothe, 2005].  This can lead to incomplete fuel burn; fuel dripping from the nozzle 
and causing hot spots on the piston head, which will eventually damage or burn a hole in the 
piston; or the unburnt fuel can seep past the piston and mix with the lubricating oil, 
contaminating the oil and stopping the ability of the oil to lubricate certain engine 
components [Glock, 2009]. The viscosity of transesterified oil is about an order of magnitude 
lower than the parent oil and the kinematic viscosity has been included in biodiesel 
standards to indicate even the presence of neat vegetable oils. 
 
Viscosity increases with chain length (number of carbon atoms) and with increasing degrees 
of saturation. This holds also for the alcohol moiety as the viscosity of ethyl esters is slightly 
higher than methyl esters. Factors such as the double bond configuration also features, as 
cis double bond configurations give lower viscosities than trans double bond configurations. 
Branching of the ester moiety has little or no influence on viscosity, but free fatty acids or 
compounds with hydroxy groups possess significantly higher viscosity. This is important 
when considering the use of ‘waste’ oils such as used frying oil as they usually are partially 
hydrogenated and frequently contain higher amounts of trans fatty acid chains [Knothe, 
2005]. Values of kinematic viscosity in biodiesel standards are either in the range 1,9-6,0 
mm²/s (ASTM D6751) or 3,5-5,0 mm²/s (EN 14214). 

3.7.5.6  Lubricity 

 
The lubricating properties of the fuel are essential for the proper functioning of vital engine 
components such as fuel pumps and injectors. In petroleum based diesel fuels, sulphur 
containing compounds, phenols and polyaromatic compounds are species imparting lubricity 
to petrodiesel fuels. The removal of these compounds in desulphurization reduces or 
eliminates the inherent lubricity of the fuel [Knothe, 2005]. 
 
On the other hand, sulphur in the fuel on combustion not only forms harmful compounds 
from an environmental point of view, but also results in acids in the combustion cylinder 
which can lead to early metal fatigue [Glock, 2009].  The different standards will limit sulphur 
content because of its adverse effect on diesel engines, despite its lubricity advantages. 
 
If biodiesel is added to low sulphur containing petrodiesel, the lubricity properties of the fuel 
is restored due to the beneficial lubricity characteristics of the fatty compounds. As it is then 
not necessary to add lubricity enhancing additives, a more competitive and compatible 
commodity in the form of a petro/biodiesel blend can then be obtained. No significant effects 
of biodiesel fatty acid composition on lubricity were reported, except for castor oil, which 
displayed better lubricity than other vegetable oils. Also unsaturated acids exhibited better 
lubricity than saturated species. Ethyl esters had improved lubricity, compared to methyl 
esters [Knothe, 2005]. 
 

3.7.5.7  Density 

 
The relationship between the density of a substance (mass per unit volume) and specific 
gravity (S.G.) results from the definition, where the specific gravity is defined as the ratio of a 
given volume of a sample material at 25˚C to the weight of the same volume of water at 25 
˚C [Dunford, 2007].  In specifications, the specific gravity will give a measure of the purity of 
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the product, especially where substances of different S.G.s appear as reactants or products. 
Looking at S.G.s of compounds used and produced during biodiesel production, these can 
be as follows: Methanol (0,79); biodiesel (0,88); Soybean oil (0,92); catalyst (0,97); Glycerol 
(1,28) [Dunford, 2007]. Comparing the density of a biodiesel sample to that of the standard, 
will assist the biodiesel producer and consumer to assess whether reactions were complete 
and impurities were removed [Glock, 2009]. As a rule of thumb, a difference of 0,1 in specific 
gravity of a mixture of different compounds will result in gravity separation [Dunford, 2007].  
Other physical properties of the compounds to be separated are also relevant, such as 
miscibility and emulsification, which will be discussed in Chapter 6 when considering process 
routes. It should, for example, be fairly easy to separate biodiesel and glycerol. 

3.7.5.8 Sulphated ash 

 
The sulphated ash content is a measure of the amount of trace metals such as zinc, 
magnesium, tin, potassium, calcium and sodium that are found in the fuel [Glock, 2009].  
Ash forming materials can be found as abrasive solids, as residual catalyst in conventional 
biodiesel conversion processes, or soluble metallic soaps. Their presence may contribute to 
wear in the fuel pump and engine as well as pointing to insufficient purifying of the biodiesel 
after the conversion process. 

3.7.5.9  Water content 

  
Water in the fuel will cause shorter component life of engine parts due to rust and corrosion; 
hydrogen embrittlement of certain parts and built-up of scale in the case of hard water 
[Glock, 2009]. Water content of a fuel sample could indicate contamination from water 
leakage into storage tanks and from the vehicle’s cooling system as the fuel is being 
circulated. Microbial growth can take place if water is present and the algae can block fuel 
lines. Where water is used in the biodiesel purification step, its presence in the final product 
will indicate purification efficiency. 

3.7.5.10  Acid value or acid number 

 
The acidic groupings in a fuel emanate from acids that are utilized in the production process 
and from acids in the feed stock. High acid values have been shown to increase fuelling 
system deposits and have corrosion potential [Glock, 2009]. In the engine the fuel can 
display a strong solvency effect on rubber seals and hoses, can also aid the formation of 
deposits and have filter clogging potential with the resultant drop in fuel delivery pressure 
and a loss of power. 

3.7.5.11  Copper strip corrosion 

 
This is a basic test to determine whether acid forming compounds or sulphur compounds are 
present, which on heating can be converted to corrosive agents. 

3.7.5.12 Flash point 

 
As the flash point is a measure of the temperature required to ignite the fuel, its value relates 
to the safe handling of the fuel and the potential risk to cause a fire during storage. 
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3.7.6  Standards development 

 
The use of biodiesel as a cleaner burning alternative to traditional petroleum diesel created a 
new market place with a variety of feedstocks and production technologies [Glock, 2009].  
As biodiesel is produced in quite differently scaled plants to diesel from crude oil, generally 
lower throughputs, and from vegetable oils and other lipids of varying origin and quality, it 
was necessary to install a standardization of fuel quality to guarantee engine performance 
without any difficulties [Mittelbach, 1996]. 
 
Standards play a vital role in ensuring that fuel will perform its primary task without any 
negative effects to the environment and engine or system where it is utilised. For 
compression ignition engines, there are four major fuel injection manufacturers Bosch, 
Denso, Stanadyne and Delphi, who, recognizing that biodiesel is coming of age, produced a 
position statement on their concerns on potential component failures if substandard biodiesel 
is produced [Glock, 2009]. Their concerns centred around parameters that can be described 
as the second group, focusing on the composition and purity of alkyl esters, as for example, 
the presence of water, free methanol and glycerol, bonded glycerol, solid impurities, 
oxidative stability, acid values and free fatty acid levels. Group one parameters contain more 
general parameters which are also used for mineral-oil-based fuels [Mittelbach, 1996]. Some 
of these parameters are density, viscosity, cetane number, flash point, sulphur and sulphate 
ash content. 
 
Other parties with interests in biofuel standards are consumers, engine manufacturers, 
regulating authorities, biofuel manufacturers, refineries and fuel suppliers. In setting and 
agreeing values for the different parameters a number of objectives can be attained. 
Standards can therefore be drafted and designed to protect the end consumer from poor 
quality fuel, minimise potential harm to the vehicle, obtain acceptance from engine 
manufacturers for warranty purposes and provide quality control measures in the fuel 
production process [Eurofueltech, 2008]. 
 
Apart from the parameters that were discussed in considering the important properties of 
fuels, a number of parameters are specific to biodiesel. They provide a measure of the 
success of the transesterification process and the separation of by-products from the 
biodiesel. These parameters are all to a greater or lesser extent incorporated in the principal 
standards used for biodiesel testing globally. 

3.7.6.1  Methanol content 

 
Testing for free methanol indicates the completeness of the conversion process and the 
success of methanol separation from biodiesel. Free methanol in the engine may cause 
premature ignition of the fuel resulting in inconsistent firing, irregular timing and excessive 
exhaust emissions [Glock, 2009]. The presence of a high level of alcohol in biodiesel causes 
accelerated deterioration of natural rubber seals and gaskets. Therefore, control of alcohol 
content is required [Meher, 2006]. 

3.7.6.2  Glycerol (Glycerine) 

 
Testing for glycerol in biodiesel provides a measure of the success of the transesterification 
reaction as the glycerol after conversion should no longer be bonded to an ester and should 
be separated. If not, the glycerol will cause blockages in the fuel pump or strain on it in 
moving the glycerol to the fuel injectors. In small quantities it may contribute to dirty injectors 
and poor atomization of the fuel, in which case there will be white exhaust smoke [Glock, 
2009]. 
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3.7.6.3  Monoglycerides, diglycerides and triglycerides 

 
The reaction to convert the triglyceride to an alkyl ester is three-stepwise and reversible 
where three moles of FAAE and one mole of glycerol are formed from one mole of 
triglyceride and three moles of the selected aliphatic alcohol. Diglycerides and 
monoglycerides are the intermediate products of the reaction [Yamazaki, 2007; Schuchardt, 
1998]. 
 
If the triglyceride is not fragmented, the problems in using a plant or animal derived oil, such 
as difficult atomization because of viscosity and poor vapourization, will be present  
[Leveson, 2007]. The purpose of producing a fuel with similar physical characteristics and 
energy density as conventional Number 2 Diesel fuel will not be achieved. Apart from engine 
problems, significant emissions will result [Leveson, 2007].  The direct use of plant oils lead 
to coke formation in the combustion chamber, resulting in reduced engine performance 
[Bloch, 2008]. 
 
As the diglycerides and monoglycerides are intermediate products, a measure of their 
presence indicates the success of the transesterification or alcoholysis reaction. For both 
mono- and diglyceride, glycerol will still be present in the fuel molecule. Carbon deposits will 
be formed on combustion [Glock, 2009]. 

3.7.7  Comparison of biodiesel standards 

 
In 1992 Austria was the first country in the world to define and approve standards for 
rapeseed oil methyl esters as diesel fuel (Ő-NORM, 1992) [Mittelbach, 1996]. Other 
countries subsequently produced guidelines and standards such as DIN V 51606, 1994 – 
Germany, to define the quality of biodiesel. Nowadays the principal standards used are 
ASTM D 6751 and EN 14214. In the literature more standards are cited where the 
parameters are presented as Group 1 (General) and Group 2 (Vegetable oil specific) 
[Meher, 2006]. 
 
The latest version of the ASTM D6751 standard used to control pure biodiesel (B100), 
ASTM D6751-08, differs from earlier revisions in that it includes a requirement that controls 
minor compounds using a new cold soak filterability test  [Biofuels-news, 2008 (Oct. 15)].  
Also ASTM D975-08a, a general specification for on and off the road diesel fuel, includes 
requirements for up to 5% biodiesel [Biofuels-news, 2008 (Oct. 15)]. 
 
 In Table 3-7 the principal two standards in use in other parts of the world, the ASTM and EN 
standards respectively, are compared with the South African standard SANS 1935. The 
reasons for specifying limits for the measures of the parameters listed are in many cases 
evident from the discussion on important properties of fuels and specific parameters related 
to biodiesel presented in this section. It is necessary to make some more observations on 
differences in these specifications as they influence thinking on the economic feasibility of 
biodiesel production in South Africa. These observations are discussed in some detail further 
on in this section. For a developing country, a case could be presented for a specification 
more in line with the ASTM standard and acknowledging local conditions, especially if the 
availability and choice of feed stock is compared. For the ASTM and EN standards, the 
conventions on units are followed as in use in the relevant countries, for example on the 
percentage mass indicated (the convention followed in this study was to indicate decimals by 
a comma, whereas the American standard will use the decimal point).  
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Table 3-7  Comparison of biodiesel standards 
 

Standard ASTM D6751-08 EN 14214-03 SANS 1935 

Property Specification limits Specification limits Specification limits 

Acid number 0.50mg KOH/g max 0.50mg KOH/g max 0.50mg KOH/g max 

Calcium and Magnesium 5ppm max        -          - 

Carbon residue (10% bottoms) 0.050 wt.% max 0.30%(m/m)max. 0.30% mass max. 

Cetane number 47minimum 51.0 minimum. 51.0 minimum. 

Cloud point Report in ˚C       -         -  

Cold soak Filterabilty                    
360 max 360 max F Seconds      -        - 

Copper strip corrosion(3hr @ 
50˚ C No 3 max No. 3 maximum Class 1 rating Class 1 rating 

Density at 15 ˚C      -  860-900 kg/m³ 860-900 kg/m³ 

Distillation atm. Eq temp 
90%rec. 360 ˚C max.      -       - 

Ester content      - 96.5 (m/m) min.  96,5%mass fraction 

Flash point 130 minimum ˚C >101 ˚C minimum 120 ˚C minimum  

Glycerol - free 0.020 wt.%max. 0.02%(m/m) max. 0,02mass % max. 

Glycerol - total 0.240 wt.%max. 0.25%(m/m) max.       - 

Monoglyceride content        -  0.80%(m/m) max. 0,8 %mass max. 

Diglyceride content        - 0.20%(m/m) max. 0,2 %mass max. 

Triglyceride content        - 0.20%(m/m) max. 0,2 % mass max. 

Iodine value        -  120 maximum 140 mass fraction  

Linolenic acid methyl ester        - 12%(m/m)max. 12 % mass max. 

Methanol content 0.20 wt.% max. 0.20%(m/m) max. 0,2 % mass max. 

Oxidation stability at 110 ˚C 3 hours minimum 6 hours minimum 6 hours minmum 

Phosphorous content 
0.001wt.% or 10ppm  
10mg/kg max.         - 

Polyunsaturated (>4 double 
bonds)            -  1.00%(m/m) max. 1 % mass max. 

Sodium and Potassium 5.00ppm max. 5.00 mg/kg max.      - 

Sulfated ash content 
0.020wt.%max         
 10 mg/kg max. 0.02 %(m/m) max. 0,02 %mass max. 

Sulphur 15 ppm max/500ppm 10 mg/kg max. 10 mg/kg max. 

Total contamination       - 24 mg/kg max. 24 mg/kg max. 

Viscosity at 40 ˚C 1.9 - 6 mm²/s 3.50 – 5.00 mm²/s 3,50 - 5,0 mm²/s 

Water content 0.050 vol. % max. 500 mg/kg max. 0,05 mass % max. 

 
 
Triglycerides available for transesterification may be of different biological origin. The choice 
of feed stock depends on availability at a specific producing facility or geographical area and 
on local policy or strategy. In the U.S. and South America the most common vegetable oil 
used as feed stock is soybean oil. In Europe rapeseed oil is predominant and in South East 
Asia palm oil is used as the primary oil source for the fatty acid ester (FAE) industry [Bloch, 
2008]. In South Africa the biofuel industrial strategy prescribes oil from soya beans, 
sunflower and canola [Republic of South Africa, DME, 2007]. The composition of canola oil 
is different to rapeseed oil as it was specifically developed to contain more unsaturated 
constituents. Indeed canola oil contains only 7,3% saturated fatty acids compared to palm oil 
at 50% [Saraf, 2007]. One would have therefore expected the SANS 1935 specification to 
correlate better with ASTM D6751-08. 
 

Stellenbosch University http://scholar.sun.ac.za



39 
 

The Conradson carbon residue parameter has proven to be one of the most important 
indicators for biodiesel quality [Mittelbach, 1996]. It corresponds strictly to the content of 
glycerides as well as free fatty acids, soaps, remaining catalyst and other impurities 
[Mittelbach, 1996]. Both EN 14214 and SANS 1935 require a more strict value for this 
measure compared to ASTM D6751-08. 
 
The cetane number prescribed in ASTM D6751-08 is lower than the values in the other two 
mentioned specifications. From this section, the cetane number is related to saturated 
straight chain hydrocarbons as in rapeseed oil and in palm oil. With the feed stocks specified 
in South Africa, it may be more difficult to meet the requirements of SANS 1935. Also 
generally unsaturated alkyl esters display better cold flow properties, which may not be as 
important in South Africa as in Europe. 
 
In Europe fuel quality standards have progressed significantly over the last decade where 
fuel refineries are producing petrol and diesel products with a maximum sulphur content of 
ten parts per million, compared with the 500-ppm fuel produced just ten years ago. In 
contrast, South African fuel producers are continuing to produce some of the ‘dirtiest’ fuel in 
the world. Also, the South African vehicle fleet is relatively old and poorly maintained, and 
the technology of this fleet is not adapted to the cleaner, low-sulphur Euro IV-compliant fuel 
[Davenport, 2009]. 

3.7.8 Testing of biodiesel fuels 

 
In South Africa all fuels sold must comply with a local standard that is set by the SABS 
[Glock, 2009]. Furthermore, the Petroleum Products Amendment Act 58 of 2004 authorized 
the Minister of Minerals and Energy to require licensed liquid fuel wholesalers and producers 
to supply and sell petroleum products made from “vegetable matter” [Biofuels Industrial 
Strategy, DME, 2007]. This authorization is done in terms of Section 2(1)(a) and 12C(1)(a)(ii) 
of the Petroleum Products Act 120 of 1977. It is captured in the Government Gazette under 
Regulation R 627 of June 23, 2006 regarding petroleum products specifications and 
standards [Rep. of SA, DME, 2006]. The regulation specifies that only permitted grades of 
diesel may be sold (section 5) and lists the amount of biodiesel in permitted blends on a 
vol/vol basis. Wide powers are given to inspectors to monitor and verify compliance, in this 
case using SANS 1935 (section 7). Suitably qualified experts can be appointed to test 
petroleum products. 
 
The cost to provide a panel of tests varies between R8 000 and R18 000 depending on 
whether the full spectrum of tests for all the parameters listed in a specification is required 
[Payne, 2008]. Secondly, organisations such as the SABS and where required, 
organisations located overseas, can perform the necessary tests. 
 
The Department of Energy published draft regulations for comments regarding the 
mandatory blending of biofuels with petrol and diesel in Regulation No. R. 745 on 16 
September 2011. In the conditions it mentions that the minimum concentration for biodiesel 
to be allowed for is 5% v/v for biodiesel and 2% v/v for ethanol [DE, 2011]. This may have 
been a slip of the pen, as the widely accepted upper limit for biodiesel is 2% v/v. 
 
There are some economic implications to these requirements. Biodiesel for sale needs to 
comply with the regulations and thus samples have to be tested to ensure compliance. 
Secondly, where batches are produced, these need to be tested individually and a significant 
cost burden results. Also, whenever there is a change in the process or feed stock in a 
continuous process, the authorities need to accept that the product is in conformance with 
the SANS 1935 specification [Du Plessis, 2009]. 
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It is clear that if small scale batch producers have to have every batch tested before selling 
it, a significant additional operating cost factor is added, which needs to be recovered. The 
conclusion has been reached that it is not financially possible for these producers to perform 
regular, if any type of quality control [Glock, 2009]. On the other hand, if biodiesel is used, 
not complying with the measures in the standards, vehicle engine manufacturers may well 
not honour warranties for their engines. Biodiesel producers may well have to meet claims 
on product liability from consumers as well. 
 
In the U.S. a voluntary fuel quality assurance program, the BQ-9000 program, is overseen 
by the NBAC and adopted by the National Biodiesel Board and the Canadian Renewable 
Fuels Association. It couples foundations of universally accepted quality management 
systems with the ASTM D 6751 product specification and covers storage, sampling, testing, 
blending, shipping, distribution and fuel management practices. Mid 2009 there were 34 
biodiesel production facilities certified as producers under the program and 17 certified as 
marketers [NBB, 2009]. 
 
In Europe, a similar initiative is in place with biodiesel samples being tested and reported in 
the EBB European Biodiesel Quality Report (EBBQR). For the winter 2007/2008, 39 
samples were tested from the 39 plants monitored. Production was well within the EN 14214 
limits with only border-line samples on the cetane parameter. The 98% range showed the 
respect for the EN 14214 standard and the good quality achieved from the European 
producers [EBB, 2009]. 
 
It was announced late 2007 that the SABS will be conducting tests on locally produced 
biodiesel and some 20 samples were received and tested [van Rooyen, 2007].  To date, 
despite numerous attempts to obtain information that should be in the public domain, a 
report has not yet been made available. It is suspected that most, if not all the samples, 
failed the tests. 

3.8  DISTRIBUTING AND MARKETING DIESEL 

 
In the main diesel as a fuel in South Africa is marketed through the oil companies, their 
associates and agents. Diesel from the refineries are distributed to depots, retailers, farmers 
and other users. This means that if biodiesel is to be used together with diesel in blends, the 
mixing of the two commodities can take place by additional facilities constructed at the 
present bulk distribution sites. More detail on the locations of refineries and other pertinent 
information are provided in Chapter 4. 

3.9 MAIN ISSUES FOR COMPARATIVE EVALUATIONS OF DIESEL AND BIODIESEL 

 
It is almost universally accepted that biodiesel is attractive as a fuel compared to petroleum 
diesel, sometimes referred to as fossil diesel, because of its environmental benefits and the 
fact that it comes from renewable resources [Singh, 2010]. The same authors also list the 
disadvantages of biodiesel, these being: 
 

 Constraints on the availability of agricultural feed stocks and thus imposing limits on 
the possible contribution of biodiesel to transport. 

 The higher kinematic viscosity of biodiesel affecting the atomization during injection 
and requiring modified fuel injection systems. 

 Due to its oxygen content, the production of relatively higher NOx levels during 
combustion. 

 Lower oxidation stability and the potential production of oxidation products under 
extended storage conditions that may be harmful to vehicle components. The 
biodegradability of biodiesel could also result in microbial growth of substances. 
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 Biodiesel is hygroscopic. 

 The lack of universal standards resulting in products in different markets, especially 
outside the U.S. and the EU, that may not have the same rigorous quality control 
compared to petroleum diesel. Corrosion, fuel system blockage, seal failures, filter 
clogging and deposits at injection pumps may result. 

 Lower volumetric energy density requiring more fuel to be transported for the same 
distance travelled. 

 Possible dilution of engine oil requiring more frequent oil changes. 

 Modification of refuelling infrastructure depending on the blending and distribution 
logistics. 

 High cost of feed stocks and the cost of processing and conversion. 
 
In contrast, a number of advantages in using biodiesel are described in more detail in 
sections 3.9.1 to 3.9.3.   

3.9.1  Fuel issues 

 
The carbon emissions factor of petrodiesel (fossil diesel) is 0,074 t CO2 /GJ, the calorific 
value of petrodiesel is 43 GJ/t and the calorific value of biodiesel is 32,9 GJ/t [Spalding-
Fechter, 2007]. The comparable value of CO2/GJ, from Table 3-9, is 0,007575 tonnes.  If 
various fuel properties of biodiesel and No. 2 diesel are compared, these can be tabulated 
as depicted in Table 3-8: 
 
Table 3-8  Physical characteristics of biodiesel and no. 2 diesel fuels [Bozbas, 2008] 
 
Property    Biodiesel   No.2 Diesel 

Specific gravity, kg/L    0,87-0,89   0,84-0,86 
Cetane number   46-70    47-55 
Cloud point, K    262-289   256-265 
Pour point, K    258-286   237-243 
Flash point, K    408-423   325-350 
Sulphur, wt.%    0,0000-0,0024   0,04-0,01 
Ash, wt.%    0,002-0,01   0,06-0,01 
Iodine number    60-135    -- 
Kinematic Viscosity, 313 K  3,7-5,8    1,9-3,8 
Higher heating value, MJ/kg  39,3-39,8   45,3-46,7 
 
 
Some information was found on comparing emissions from canola oil derived biodiesel with 
a baseline diesel case. The figures for greenhouse gas emissions are as provided by the 
U.S. Environmental Protection Agency (EPA), calculated for canola oil biodiesel in the 
biodiesel pathway which was published in 2010 [Oge, 2010]. These figures are presented in 
Table 3-9. 
 
From considering the total kg CO2e/mm Btu emitted when canola oil based biodiesel is 
combusted, in simple terms the diesel baseline is a factor of 2 higher. Even if the spread is 
considered, in all cases the biodiesel from canola will have lower emissions.   
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Table 3-9  Emission comparison for Canola oil biodiesel and Diesel 
 
     Fuel Type                                            Canola oil biodiesel   2005 Diesel Baseline 
                                                                  (kg CO2e/mm Btu)      (kg CO2e/mm Btu) 
-------------------------------------------------------------------------------------------------------------- 
Net domestic agriculture without 
land use change                                                8                                     -- 
Net international agriculture  
without land use change                                    0                                      -- 
Domestic land use change                                3                                      -- 
International land use change –  
Mean (Low/high)                                                31 (7/61)                         -- 
Fuel production (FP)                                          3                                     18 
Fuel & feed stock transport                                2                        Included in FP 
Tail pipe emissions                                            1                                      79 

Total emission mean (Low/high)                    48 (25/78)                        97 

 

3.9.2 Storage issues 

 
Compared to diesel, biodiesel is an oxygenated fuel containining methylene double bonds in 
the alkyl ester molecule. The number of double bonds depends on the degree of  saturation 
which in turn depends on the feed stock used to synthetisize the biodiesel. Feed stocks like 
soy beans, sunflower and canola, will have a higher degree of unsaturation than palm oil and 
will thus be more susceptible to auto-oxidation and consequently will have a higher level of 
chemical reactivity compared to diesel. The oxidative stability and storage life of the 
particular biodiesel will be less than that of diesel, and will even influence the storage 
characteristics of blends of diesel and biodiesel [Boulifi, 2010]. 
 
If stored in a normal oxygen containing atmosphere, a reduction in the iodine value implies 
that conversion of polyunsaturated fatty acids to hydroperoxides took place. For maize oil 
biodiesel the peroxide value, acid value and viscosity increased, compared to samples 
stored in an argon atmosphere, to the extent where the samples stored in a normal 
atmosphere failed the European specification EN 14214, admittedly after a 30 month storage 
period. This means that special precautions have to be taken in the case of biodiesel and it 
is known that when jatropha oil is stored for biodiesel production, if not stored in a nitrogen 
atmosphere, it will have an increase in free fatty acid content.  

3.9.3 Environmental issues 

3.9.3.1 Toxicity and biodegradability 

 
Biodiesel is ten times less toxic than NaCl (table salt) and biodegrades as fast as dextrose 
[Jha, 2004]. As biodiesel does not contain aromatic compounds, its use assists in 
decreasing levels of polycyclic aromatic compounds (PAH) and nitrited PAH compounds, 
which have been identified as potential cancer causing compounds [Jha, 2004]. 
 
It seems that a distinction should be made between biodiesel and for that matter other fuels 
used in ignition compression engines when observed as compounds, compared to their 
combustion products in terms of PAH compounds. If considered as compounds, the 
composition of diesel is chemically more complex than biodiesel and its biodegradation 
necessitates more energy. Secondly, diesel compounds are more toxic to micro-organisms. 
Thirdly, diesel contains no oxygen compounds and is biologically not active [Röttig, 2010].  
In contrast, biodiesel is less toxic and readily biodegradable because a multitude of micro- 
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organisms possesses hydrolytic enzymes to cleave the ester bonds. Chemical hydrolytic 
degradation is caused in biodiesel and is enhanced by means of water and acids 
respectively [Röttig, 2010]. 
 
 All diesel engine emissions contain mutagenic (the power to produce mutations in plant or 
animal organisms) and carcinogenic polycyclic aromatic hydrocarbons on the surface of the 
emitted particles and in the gaseous phase [Krahl, 2009]. Lower mutagenic activity was 
observed for biodiesel emissions from both rape seed and soybean derived methyl esters 
compared to fossil fuels, however, highly significant was that rapeseed oil showed high 
mutagenic effects by comparison. The study referred to compared diesel and gas to liquid 
(GTL) fuels to biogenic sustainable fuels and observed that low emissions are obtained on 
combustion, with the exception of rape seed oil. The study concluded that the strong 
increase in the mentioned effects causes significant concern about its future use as a 
biogenic resource and presumably the same concern can be expressed for other vegetable 
and animal oils and fats [Krahl, 2009]. This in turn can be linked to the carcinogenic and 
presumably mutagenic effects of waste cooking oil, as it is suggested that these products 
are generated during the frying process. 
 
Biodiesel is reported to be highly biodegradable in freshwater as well as soil environments. 
Under aerobic, as well as anaerobic conditions, 90-98% of biodiesel is mineralised. It also 
increases the biodegradability of crude oil through co-metabolism and can remove twice the 
amount of crude oil from sand compared to conventional shoreline cleaners [Sharma, 2008]. 
After 28 days more than 98% of biodiesel has degraded compared to 50% for fossil diesel. 
As a 5% constituent in diesel a 50% biodegradation is found after 22 days, compared to 28 
days and for a 20% mixture the period is reduced to 16 days. By comparison, the 
percentage of diesel biodegradation varies from 50 to 365 days for diesel under anaerobic 
conditions (42% degradation) and fuel contaminated soil in the arctic (90-95%) [Sharma, 
2008]. 
 
As far as the compounds used as reactants or produced as products in the conversion 
process to alkyl esters are concerned, it is necessary to assess their characteristics 
independently and also consider the effect of their presence during manufacturing, disposal 
or as constituents of the product being sold. If for example, ethanol is compared to methanol 
as a reactant in the transesterification process, the systemic effect of ethanol differs from 
that of methanol. Ethanol is rapidly oxidized in the body to carbon dioxide and water, and in 
contrast to methanol no cumulative effect occurs. In contrast, the oxidation products from 
methanol are formaldehyde and formic acid and once methanol is absorbed, it is very slowly 
eliminated. Due to this, it has to be regarded as a cumulative poison [Peterson, 1994].  
 
In a comparative sense biodiesel is non-toxic and emissions from its use are less harmful 
than petroleum diesel. It is thus useful as the fuel of choice in transportation applications in 
highly sensitive environments, such as marine ecosystems and mining enclosures [Helwani, 
2009]. 

3.9.3.2  Safety issues 

 
Due to some of its characteristics such as a higher flash point than fossil diesel, biodiesel 
presents a lower hazard risk. The main safety risks in a biodiesel plant are the presence of 
methanol and other chemicals.  
 
The handling of methanol is not clearly defined in many countries, but the definition of the 
safety class of electrical components in the production, despatch and storage areas is well 
known [Matthys, 2003]. Adequate measures for areas around explosion risk zones have to 
be taken and it has to be remembered that detection of methanol fires cannot be done 
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optically. It is recommended that during shutdowns a complete flushing of all pipes and 
vessels should be done with nitrogen, and an adequate supply of nitrogen should be 
designed for. Furthermore, extinguishing systems based on foam with a deluge system at 
several levels in the process building and in the tank farm are necessary [Matthys, 2003]. 
During the course of this research at least four fires in biodiesel facilities were reported, one 
in a plant near Chicago, U.S.A., and a further one in a cottage industry type plant near 
Pretoria, South Africa, where a person died of the burns sustained. A third explosion 
occurred in a biodiesel plant in the state of Washington during December 2009, where the 
mixing of sulphuric acid and glycerol caused a tank to over-pressurise and explode, resulting 
in extensive damage to the plant. During June 2010 a fourth explosion was reported in 
Tacoma, Washington, where a small biodiesel operation exploded. This resulted in extensive 
damage to a few homes, although it was said that only a few hundred gallons of vegetable 
oil caught fire [Kirotov, 2010 (June16)]. As most of the cases involved cottage biodiesel 
industries, these mishaps point to the dangers associated with producing biodiesel in 
uncontrolled areas or production environments. 
 

3.9.3.3  Emissions 

 
There is a clear correlation between certain diesel properties and regulated emissions and 
an inter-correlation of different fuel properties, different engine technologies or engine test 
cycles [SAPIA, 2008]. The effect of three properties is of particular relevance. 
 
Firstly, sulphur increases particulate emissions in both light duty and heavy duty diesels. It 
also degrades the performance of emission control equipment such as catalytic converters 
and particulate traps. Secondly, in heavy duty diesel engines, HC, CO and NOx emissions 
reduce with increasing the cetane number. Thirdly, by reducing the fuel density, NOx and PM 
are reduced but HC and CO emissions are increased [SAPIA, 2008]. 
 
Pure biodiesel does not contain sulphur and the use of biodiesel reduces sulphur dioxide 
emissions from diesel engines to virtually zero. The ozone forming potential of the 
hydrocarbon emissions of pure biodiesel is nearly 50% less than that of petroleum fuel [Jha, 
2004]. Biodiesel reduces net carbon dioxide emissions by 78% on a life cycle basis when 
compared to conventional diesel fuel. With the exception of nitrous oxide, it has been shown 
to have dramatic advantages in combustion compared to diesel [Zappi, 2003]. Combustion 
of neat biodiesel decreases carbon monoxide emissions by 46,7%; particulate matter 
emissions by 66,7% and unburned hydrocarbons by 45,2% [Helwani, 2009].  
 
In a literature review covering a wide range of feed stocks, a recent study in Texas 
concluded that on average biodiesel increases NOx emissions by 13,5% relative to 
petroleum diesel [Cohan, 2009]. This correlates with a landmark study by the U.S. 
Environmental Protection Agency (EPA) that concluded for B100 biodiesel NOx emissions 
are increased by 10% whereas PM (-48%), CO (-48%) and VOC (-57%) are significantly 
reduced. In practical terms for the Houston/Galveston region in Texas, it means 158 
tons/day of NOx are emitted compared to 8 tons/day of VOC [Cohan, 2009]. To draw a 
parallel to South Africa, using biodiesel in an urban region can reduce the ambient O3 
concentration. 
 
Interrogating the 1998 life cycle study jointly sponsored by the US Department of Energy and 
the US Department of Agriculture, it summarised the CO2 flow from the total life cycles of 
biodiesel and petroleum diesel and the total CO2 released at the tailpipe for each fuel 
[Coronado, 2009]. The combustion of fuel is the main source of CO2 for both petroleum 
diesel and biodiesel with respective figures of 86,54% and 84,43%. For petroleum diesel, at 
9,6%, most remaining CO2 comes from emissions at the oil refinery. For biodiesel, the 
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remaining CO2 comes almost equally from soybean agriculture, soybean crushing, and soy 
oil conversion in the biodiesel plant [Sheehan et al., 1998]. 
 
Biodiesel derived from vegetative sources have an ester structure and thus has the ROC=O 
moiety typical of an oxygenate. This means that reactions associated with this moiety are 
endothermic but more importantly, the oxygenates in fuels act by preventing some of the 
carbon in the fuel from forming soot [Glaude, 2006]. The mechanism is that each oxygen 
atom in the fuel will pair up with a carbon atom to form CO, thus preventing a carbon atom 
from combining with another carbon atom to eventually form soot. An oxygenate such as 
dimethyl carbonate that is oxygen rich, was found to form CO2 directly. 
 
Emissions are normally thought of in the context of exhaust emissions from vehicles, but a 
significant emission issue centres on the greenhouse gas emissions in the field to wheel 
biodiesel life cycle, compared to fossil diesel. Biofuels require energy to be produced 
including energy used for planting, fertiliser production and application, harvesting and 
processing of feed stock, conversion to biodiesel and transporting to a point of sale. In a 
South African case study using imported soybean oil for a 100 000 tonnes per year biodiesel 
plant, it was calculated at a 20% biodiesel to diesel blend, the emission of CO2 with a 
reduction of 205 000 tonnes per year, was 16% of the baseline emissions [Spalding-Fechter, 
2007]. 
 
In the real world where a test was conducted with 200 school buses, running on a 20% 
biodiesel blend, particulate emissions increased by a factor of 1,8, with carbon monoxide 
and hydrocarbon emissions also being higher. On further investigation it was deduced that 
the biodiesel did not comply with official U.S. standards, in particular due to high 
concentrations of free glycerol in the fuel. The conclusion was that the introduction of new 
biofuels will not necessarily translate into air quality benefits while fuel standards remain 
poor and compliance to the standards is not strictly enforced [Mazzolini, 2008]. A parallel 
can be drawn for South Africa, as most if not all the biodiesel samples tested  by the SABS 
during 2009, presumably failed to comply with the relevant standard. 
 

3.9.4  Niche markets 

 
From the advantages and disadvantages of biodiesel, a number of niche markets can or 
have emerged. These markets in the main are connected to having a large user at the point 
of sale, such as electricity generation plant, or the tank farm at a large airport, thus creating 
concentrated users. Secondly, biodiesel has advantages when used in sensitive areas.  
 
Concentrated users of fuel could be gas turbine plants where problems to the environment 
can be caused by combustion components and products, as well as damage to human life, 
animals and plants. The problems stem mainly from the generation of carbon and nitrous 
oxides, sulphur oxides and the emission of particulate matter. In a comparative analysis of 
biodiesel and diesel combustion pollution in a thermoelectric plant such as combined cycle 
gas turbines, ecological efficiencies were calculated. It was found that the characteristics of 
a thermoelectric plant, utilising biodiesel (B100), a mixture of 20% by volume of biodiesel 
and 80% of diesel (B20) and thirdly, diesel, are 98,16%, 93,08% and 92,18% respectively. 
The preferable fuel in terms of ecological efficiency defined as a comparison of integrated 
pollutants emissions to existing air quality standards, was biodiesel [Coronado, 2009].  
Adopting fuel burning with 100% excess air, CO2 emissions were 2,683 tons per m³ of 
petroleum diesel and 2,469 tons per m³ of biodiesel (derived from palm oil) [Coronado, 
2009].  Over the life of a thermoelectric plant, such reductions in CO2 are significant. 
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Concentrated producers of feed stock with a direct link to biodiesel users, is another niche 
market. In this case the biodiesel producer could be associated with a farming cooperative 
society or could be an abattoir with a constant source of animal fats, where the biodiesel can 
be marketed to the suppliers of livestock. A number of examples exist in various countries, 
the simplest example being the farmer supplying feed stock for his own conversion facility 
and using the biodiesel produced in his own farming and transport operation.  
 
Thirdly, biodiesel can be used as the energy carrier where other carriers are costly because 
of low consumer and population density, lack of infrastructure such as roads and 
transmission lines, logistics problems due to location and the lack of financial resources to 
purchase commodities like diesel and kerosene. 
 
A niche exists in the use and blending of biodiesel as an additive to diesel where its 
emission characteristics, low or no sulphur content and its lubricity properties can be 
exploited. Aligned with these characteristics, is the use of biodiesel in ecologically sensitive 
areas where the possibility of an oil spill could have ecological consequences. Examples are 
marine applications, underground operations in mines and use in national parks. Allied to 
this niche market is the use of biodiesel in the clean up operation, such as what happened 
with oil with the BP Gulf of Mexico disaster in 2010, and the biodiesel was sprayed onto 
plants contaminated by oil. The biodiesel acted as a solvent for the oil, which could 
subsequently be removed from the vegetation.  
 

3.9.5  Cost and price structures 

 
Biodiesel plants are normally stand alone facilities handling dedicated feed stocks and the 
biodiesel produced will bear the full cost of production. In contrast, No. 2 diesel fuel is a joint 
product of the refining of crude oil and its cost reflects the relative share of the cost of 
refining a barrel of crude oil. Distillate fuel of which diesel is the largest cut, normally 
accounts for 21 to 27 percent of the product yield of a barrel of crude oil [Urbanchuk, 2009; 
Oehmichen, 2010]. 
 
A second consideration in looking at cost and price structures and the value chains of fossil 
diesel and biodiesel respectively, is the blending and distribution process. Depending on the 
equity structure of fuel companies, i.e. the truly multi-national company, compared to a 
nationalised company in a particular country, the distribution can be described as an 
oligopoly type operation [Lamers, 2008]. 
 
Thirdly, in different countries the degree of regulation and the composition of taxes are 
incentives or impediments to the petroleum (oil) companies or the biodiesel producers. As an 
example, the case for biodiesel producers in Malaysia was cited [Adnan, 2010]. It is also 
unusual for biodiesel producers to be vertically integrated. On the other hand where profit 
margins for the oil companies are small or they are resticted by capped prices, they may be 
interested in biofuels, if in blends with diesel it can improve their margins. 

3.9.6  Relative competitiveness of different diesel fuels  

In South Africa the price of diesel is announced monthly and prices to the consumer may 
vary slightly. These prices are not dependent on the source of diesel i.e. if it is derived from 
the Fischer – Tropsch process or from refining crude oil, but on the sulphur content of the 
diesel sold to the end user. 
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3.10  INTERESTED PARTIES IN THE BIOFUELS PRODUCTION AND CONSUMPTION 
VALUE CHAIN 

 
Interested parties in the biofuel value chain are diverse and dependent on the interests of 
governments, its voters and supporters, environmental groups, the structures associated 
with various actors and stakeholders in the production and consumption value chain, 
consumers and political groupings. If Argentina is taken as an example, 85 percent of the 
vegetable oil/seed milling capacity is shared amongst six major companies who are directly 
linked to the agricultural sector  [Lamers, 2008]. 
 
Applying the reasoning of Lamers et al. on driving factors and market scenarios to assist in 
categorising the interested parties in biodiesel production in particular, the three categories 
could also be seen to have a ‘push’; a ‘pull’ or a ‘push and pull’ tag. Firstly, the ‘pull’ category 
could be seen to be environmentalists, consumers (if the price incentive is present), political 
groupings and non governmental organisations (NGOs). Secondly, the ‘push’ category will 
probably include farmers and organised agriculture, technologists and industrialists, the 
construction sector and retailers. The third category is associated with actors who can exert 
both ‘push’ and ‘pull’ tactics. These tactics can include incentive programmes and setting 
directives and legal requirements. 
 
It is beyond the scope of this study to do a more detailed analysis of the roles of the 
interested parties in the biodiesel value chain, but in Chapter 4 the roles of some 
stakeholders in the South African case will emerge. 

3.11 SUMMARY OF TOPICS COVERED IN THIS CHAPTER 

 
An overview on transportation is presented, with the focus on ignition/compression engines 
and diesel as the energy carrier. Various entities purporting to be diesel or used as diesel 
and their associated production processes are described, including FT diesel and renewable 
diesels, such as diesel from Neste Oil and microdiesel from biosynthesis. 
 
Biodiesel production volumes and facts for different countries and continents and the state of 
the biodiesel industry are reviewed. Comparisons between diesel and biodiesel are done, 
the sources and manufacturing/refining processes and relative performances discussed. 
 
Informed by the theory of compression/ignition combustion, the relevant properties for fuel 
specifications and performance are discussed. An overview is provided on the development 
of standards for biodiesel and three standards are compared:-  ASTM D6751-08; EN 14214-
03 and SANS 1935. As all fuels sold in South Africa have to comply to the relevant standard, 
the costs of tests have to be considered. The parameters specific to biodiesel are 
highlighted. 
 
Diesel and biodiesel are evaluated on a comparative basis in terms of environmental issues 
– toxicity, safety and emissions. Some niche markets for biodiesel are discussed, so are cost 
and price structures. An attempt has been made to identify interested parties in the biodiesel 
value chain. 
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4 SOUTH AFRICAN OVERVIEW 
 

4.1  AFRICA AS A DEVELOPING CONTINENT 

 
The two most advanced economies in Africa are probably those of South Africa and Egypt. 
The continent, with a population of nearly a billion people, is widely perceived to be either 
under-developed or developing. It is estimated that 265 million people in Africa are underfed 
with 100 million people physically or mentally disabled through malnutrition [Le Roux, 2010].  
Many countries in Africa are on the United Nation’s list for hand outs and feature in the 
global hunger index information presented in Chapter 2, the number of poor people in Africa 
estimated to be 670 million.  
 
While it is not sensible to generalise on why the issue of poverty prevails in Africa, it has to 
be recognised that African countries enjoy preferential access to international markets, 
secondly, Africa has an abundance of natural resources compared to Asia, and thirdly, Africa 
is not poor because its people do not work hard. A rather harsh assertion by a Dr. Greg Mills 
is that the people in Africa are poor because their leaders have made this choice. This is 
coupled to lack of transparency and accountability, high barriers to trade, bureaucracy and 
the ‘elite’ issue where leaders sip “champagne as they watch their countries descend into 
misery and poverty” [Mann, 2010]. 
 
It is also perceived that Africa has vast areas of suitable agricultural land available with an 
associated low cost of production and a huge labour pool. This is in addition to the 
attractiveness of the continent for its natural resources which obtained the lion’s share of 
foreign direct investment up to now for in particular, extractive industries like mining, 
quarrying and fossil fuels, where large reserves exist such as in Nigeria, Angola, Equatorial 
Guinea and lately east African countries like Uganda and Mocambique [Schoneveld, 2010]. 
The agricultural potential of Africa has stimulated some investments from developed and 
industrialised countries for reasons of food security and them aiming to incorporate biofuels 
in their energy matrix. A McKinsey report published in 2010 indicates that the investor 
potential for Africa is more than $50 billion per year [Duvenhage, 2010]. 
 
Africa has more than 25% of the world’s arable land, but produces only 10% of the world’s 
agricultural output. The continent’s biggest contributor to total Gross Domestic Product 
(GDP) at 15%, worth $100 billion, is the agricultural sector [Duvenhage, 2010]. Egypt and 
Nigeria are responsible for 33% of agricultural production with 10 out of the 53 countries in 
Africa delivering 75% of the output. What is seen as a major constraint in delivering, is the 
African phenomenon of small agricultural units with 85% of all farms in Africa having an area 
of less than two hectares (ha). This contrasts with a corresponding figure of 11% in Brazil 
and less than 4% in the United States. 
 
The investments from industrialised countries is seen as a land rush for Africa and a wave of 
neo-colonialism, and although it is difficult to assess the extent of the land grab, agricultural 
organisations and analysts estimate that in 2009 nearly 20 million hectares of farmland – 
nearly half the size of all arable land in Europe – was sold or bound to some form of lease 
agreement [Allen, 2010]. 
 
The investors range from hedge funds to biofuel producers. For biofuels, the EU 
commitment to obtain 10% of transport fuels by 2020, could mean that 600 million people 
could go hungry [Rice, 2010]. The problem is that the land in question can provide food if 
better agricultural practices are followed, but in reality the farmer is disenfranchised and go 
hungry, while the land he tilled is leased at $1/ha for 99 years.This is due to the fact that 
many African countries operate systems where the government can appropriate the land 
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without adequately compensating the land owners and if the returns are not realised in the 
land deals organised, the investor can simply move out of the country concerned. The 
original farmer who practised mixed or even intensive farming off his original land, now has 
to use smaller tracks of land without the benefit of scale or flexibility in cropping. This 
inevitably results in a reduced output, higher input costs per unit and possibly higher costs 
for consumables and overall prices for produce, also because of higher costs associated 
with logistics.   
 
Paradoxically, most African countries are net importers of food despite many of these 
countries having the agricultural sector as the backbone of their economies. In West- and 
East Africa agriculture contributed around a third of Gross Domestic Product (GDP) between 
2003 and 2007, compared to 1,6% in developed countries [Allen, 2010].  As an example, for 
Ghana, the agricultural sector accounts for 34% of Gross Domestic Product (GDP) and 
employs 55% of the economically active population. It is argued that the food net import 
position by many countries is due to chronically low agricultural productivity, resulting from 
low capital formation in the sector, poor infrastructure, institutional shortcomings, and limited 
access to resources such as finance and technology [Schoneveld, 2010].  If this is compared 
to Brazil, which is located in the southern hemisphere and has approximately 338 million 
hectares of arable land, Brazil’s agribusiness is responsible for 33% of the Gross National 
Product, 42%  of Brazilan exports and 37% of employment generated, representing 11,7 
million jobs [Carioca, 2009]. 
 
Total capital inflows into Africa rose from $15 billion in 2000 to $87 billion in 2007 [de Bruyn, 
2010]. Governments in Africa generally view foreign direct investments (FDI) to be one of the 
most important drivers of economic development and legislated or granted concessions on 
international capital flows, tax and duty exemptions. Such incentives should have stimulated 
agricultural production, but seem to have largely attracted interest in investments in natural 
resources like minerals. As a result poverty and food insecurity prevail. 
 
In this context the case for biofuels in Africa is that it is a renewable energy industry, as 
opposed to diamonds, gold or oil. This is the view of Ricardo Hausmann, director of the 
Center for International Development at Harvard’s Kennedy School of Government. Although 
the African countries concerned are blessed with land, they do not have the infrastructure or 
governance at present. Biofuels could, however, represent exports larger than the current 
exports of African countries, such as for example the Democratic Republic of Africa [Drexler, 
2008]. 
 
Africa is the world’s third-largest growing region with an annual growth of 4,9% in GDP 
between 2000 and 2008. In a report published in 2010, the McKingsley Global Institute 
estimates that across the agricultural value chain, Africa can generate revenues of $2,6 
trillion a year by 2020  [de Bruyn, 2010]. Furthermore, the continent’s top 18 cities could 
have a combined spending power of $1,3 trillion by 2030 and by 2040 Africa could have a 
working population larger than that of China or India. Compared to the current $430 million, 
Africa could have resource production of $540 billion by 2020. The McKingsley research 
report also indicates that by transforming its agricultural sector, Africa could generate 
revenues of $500 billion per year by 2030, compared to the current $280 billion a year. 
 
In 2009 the G8 countries pledged $22 billion for an agricultural plan to provide food security 
in Africa [Le Roux, 2010].  Out of the so called Africa Strategic 17 Group (SG 17), only two 
countries, Malawi and South Africa, are self-sufficient in food production. The SG 17 had 
therefore put a “strategic plan” on the table at the 2010 African Union (AU) gathering for 
Africa to be able to feed itself. In terms of this plan subsistence farmers, in particular women, 
are to be encouraged to expand agricultural production beyond subsistence levels; subsidies 
are to be given for the purchase of fertilisers, improved seeds, tractors and irrigation 
equipment. A further initiative will be to curb losses from food decay after harvesting, 

Stellenbosch University http://scholar.sun.ac.za



50 
 

estimated at 40% of food produced, compared to 1% for European farmers. Other uses 
earmarked for the $22 billion, will be the improvement of infrastructure, power supply and the 
establishment of a data base to assist in proper distribution of food [Le Roux, 2010]. 
 
For agricultural production a higher potential for yield is commonly seen for developing 
countries, especially for Africa [Bringezu, 2010]. A number of factors such as water 
availability, climate change, environmental restrictions, the evolution of agri-cultural markets, 
are seen as positive stimulants as opposed to negative yield shocks such as droughts. In an 
assessment of biofuels by UNEP, climate change for Sub-Saharan Africa  with its semi-arid 
developing countries, will have an adverse effect on crop yields. It is expected that, 
conversely, it will get more wet in Europe and further north towards the Arctic areas. The 
UNEP report quotes a Food and Agriculture Organisation (FAO) report of 2008, stating that 
climate change can lead to decliing crop yields, although high crop prices can partially off set 
the overall agri-cultural crop volumes [Bringezu, 2010].  
 
If however one looks at only one input, namely agricultural land, and secondly, only one 
region of Africa, the Southern African Development Community (SADC) region, there is 
enormous potential for crops and food production. This is evident from considering the 
information presented in Table 4-1 [Meyer, undated]. 
 
Table 4-1  Arable land in terms of potential in the SADC region [Meyer] 
 
Country                                    Arable land potential (thousand hectares) 

 
                                     High         Medium         Low          Total                    % 
 
Angola                       65 895         18 878          8 463         93 236              31,26 
Botswana                           0               163         4 868           5 031                1,69 
Malawi                         3 445           2 398             823           6 666                2,24 
Mozambique              30 858         15 355         7 088          53 301              17,87 
South Africa                    136           6 757         7 685          14 578                4,89 
Tanzania                    29 645         17 587       12 420          59 652              20,00 
Zambia                       28 805           8 880            318          38 003              12,74 
Zimbabwe                    2 135         13 433       12 628          28 196                9,45 
 
SADC region            161 783         82 179       54 293        298 255            100,00 
 
 
From the table it can be seen, with the exception of Botswana, South Africa has the lowest 
area available as high potential agricultural land in the SADC region. Less than 1% of South 
Africa’s land is classified as highly fertile, compared to countries like Angola (70%), 
Mozambique (57%) and Tanzania (49%), which all have far more potential in terms of 
suitable land for food production. 

4.2  ENERGY OVERVIEW FOR AFRICA 

 
As Africa is a poor continent with lack of infrastructure, it still relies on traditional biomass, 
probably more so than any other continent, for its energy requirements. In developing 
countries biomass accounts for 33 percent of energy use, whereas for Africa 60 percent of 
final energy use comes from biomass [Hazell, 2006]. The largest energy users in Africa are 
South Africa and Egypt, with electricity generation as the main source of power.  
 
In East Africa the largest economy  is that of Kenya with a generating capacity of 1 250 MW 
of which KenGen generates about 1 000 MW [Reuters, 2010 (May 31)]. About  65% of 
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electricity is generated by hydro schemes in dams, but  Kenya can generate about 7 000 
MW from the vast reserves of steam available in the Great Rift valley running across the 
country. Lately, important oil and gas discoveries have also been announced in East Africa. 
As for other African countries, growth is constrained by the lack of electricity supply and the 
inadequate investment in power infrastructure, which the World Bank estimate to result in a 
reduced annual growth rate of 1,5% [Reuters, 2010]. 
 
Tanzania, the second largest economy in East Africa, requires an electrical capacity of more 
than 900 MW, but only about 800 MW is available, in the main from hydro-electric schemes. 
Only 14% of the country’s 40 million residents have access to the grid and the demand 
increases by between 10 and 15% per year. It has been announced that the Russian 
Borodino group will build another hydro scheme at a cost of about $700 million to add some 
222 MW to the capacity by 2018. To improve the Tanzanian power supply position over the 
next five years, the estimated cost will be about $1,5 billion. 
 
The oil industry is Africa’s largest sector by far, at the same time oil is the costliest import for 
non-producing African countries. In 2009 Africa produced 3,5 billion barrels of oil, worth US$ 
250 billion at US$70 per barrel [Mbendi, 2010]. The volume of oil produced constitutes 12%  
of the world’s total, the main producers being Nigeria, Algeria, Angola and Libya. The two 
biggest consumers of oil in Africa are Egypt and South Africa, respectively, South Africa 
consuming 575 000 barrels per day, (2008 figure) [Creamer, 2010], compared to the total 
African consumption of 1,1 billion barrels per year worth $77 billion (mid 2010 crude prices). 
In 2008 the remaining countries in Southern Africa had a consumption of 30 000 barrels per 
day. The total throughput of refineries located in Africa is 2,2 million barrels a day at present, 
the total capacity being 3,2 million barrels per day [De Bruyn, 2010 (September 16)]. 
 
Clearly the oil consumer industry in Africa is undeveloped in the main, compared to the 
industrialised world and perhaps to some extent Africa has not been explored for crude oil. 
Coupled to interest in biofuels like biodiesel, many countries in Africa are seen to be 
locations for the growing of crops suitable for conversion to biofuels. As this dissertation 
focuses on biodiesel, some of the moves on feed stocks for this commodity will be 
mentioned in this section. 
 
A phrase being used on the increase in land being made available for biofuel production in 
Africa, is to call it a “land grab”. In mid 2010 at least five million hectares were identified as 
set aside for biofuel production, (19 300 sq. miles) in 11 countries, including 500 000 ha in 
Angola, 400 000 ha in Benin and vast tracks of land in other countries [Burley, 2010]. Some 
further examples are listed below.   
 
It has been announced that biodiesel will be used as the energy carrier in Rwanda. It is 
believed though that Rwanda will require about 225 000 ha of land to feed its biodiesel 
industry, the area required totalling 8,5% of the country’s total area [Biofuels-news, 2010 
(March 29)]. 
 
In Botswana, a facility for 50 million litres is being planned, eventually using jatropha as feed 
stock. For the plant scheduled to be on-line during 2012, meat tallow and  waste cooking oil 
will be used initially [Biofuels-news, 2010 (March 29)]. 
 
For Namibia it is planned that with one project in the north eastern Caprivi region about 300 
000 hectares will be used for the cultivation of jatropha following feasibility studies and crop 
experiments on a 400 ha farm, Katima. The project was planned to go into production during 
2011 and it is envisaged that a 200 litre barrel of biodiesel will sell at $75 (€59), the claim 
being that this product will be cheaper than conventional diesel [Biofuels-news, 2010 (May 
7)]. 
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In Ghana, some thirteen foreign companies collectively have access to 1 075 000 ha of land 
primarily for the cultivation of Jatropha curcas (jatropha) but only 10 000 ha are likely to be 
used. Remote sensing of areas in production showed that there were three plantations in 
central Ghana, covering 1 250 ha, 1 050 ha and 850 ha, with the oldest plantation dating 
back to early 2008 [Schoneveld, 2010]. 

4.3 QUALITATIVE ASSESSMENT OF SOUTH AFRICAN POSITION 

 
South Africa is the fourth largest country in Africa, with a surface area of 1 219 090 km², 
compared to 1 237 954 km² for the surface area of the nine biomes in which it is divided [de 
Villiers, 2010]. It has eight world heritage sites, 16 international Ramsar sites, 20 national 
parks and over 500 terrestial reserves [Unesco, 2006]. The country has a high temporal and 
spatial variation in rainfall. Based on mean run off the per capita water availability for South 
Africa is about 1 060 m³, but the portion utilisable is only 300 m³ per year per person. South 
Africa has no large lakes or large rivers in the 23 river basins in the country. The most 
important river basins are shown in the map depicted in Figure 4.1 [UNESCO, 2006]. 
 

 
 
 
Figure 4.1  River basins, provinces, cities and rivers in South Africa 
[Acknowledgment: UNESCO, 2006] 
 

 In Table 4-2 some figures are presented on the South African population and employment 
statistics : 
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Table 4-2  Trends on population and employment statistics in South Africa [ETSA, 
2010] 
 
                                          Period     Feb. 2000     Jan.- March 2010    % difference 
                                                          (million)         (million) 
 
Population                                        43,69             49,32                       12,90 
Population: 15-24 years                   26,45             31,35                       18,50 
Labour force (economically active)  16,21             17,11                         5,60 
Tax payers                                         2,68               5,54                      106,72 
Employed                                         11,88             12,80                          7,80 
Unemployed (official definition)         4,33               4,31                          -0,50 
Not economically active                   10,24             14,24                          39,0 
Unemployment rate                         26,70%          25,20%                      -5,60 
Labour force participation rate         61,30%          54,60%                     -10,90 
Recipients of social welfare grants    3,50             12,80                        265,70 
 
 
South Africa is seen as an urbanising nation. As a result of its weak political will on influx 
control, extensive boundaries and the lure of perceived economic wealth in an African 
context, the figure given for the number of people living in more than 3 000 urban 
communities is conservatively estimated as 28 million people, as is the figure of 16 million 
people living in the nine largest cities, covering about two percent of the overall surface area 
of the country. 
 
Generating about 29% of Gross Domestic Product (GDP), the industrial sector is the highest 
growing economic sector and contributed with mining  about 54 percent of all exports in 
2006 [Unesco, 2006]. In contrast, agriculture contributed about three percent of GDP 
[Prinsloo, 2010]. The GDP contribution of agriculture, fisheries and forestry in the second 
quarter of 2010 was R26 billion [Laing, 2010]. If the GDP figures of R657 billion in nominal 
money for the second quarter of 2010 are studied, the second fastest growth industry in 
South Africa, is the government at R91 billion. Of the eleven sectors in the South African 
economy as reported, finance represents R125 billion, taxes R58 billion, construction R23 
billion and electricity R15 billion. Retail contributes R80 billion, mining R60 billion, transport 
and communication R57 billion, personal services R36 billion and manufacturing R85 billion 
[Laing, 2010]. 
 
As discussed in Appendix D, South Africa has large coal reserves and Eskom is largely 
dependent on this energy carrier for the generation of  electricity, coal fired power plants 
providing about 90% of all power in the country [Hill, 2010 (Sept. 17)]. The Chief Executive 
Officer of the World Coal Institute (WCO), Milton Catelin, is of the opinion that South Africa’s 
electricity is “bound up” with coal and predicts that “It will increase its nuclear capacity and 
renewable capacity, but its future will inextricably be bound up with coal”. His view is that 
CO2 emissions can be decreased by between two and three percentage points by improving 
energy efficiency at power plants by one percentage point [Hill, 2010].  
 
South Africa experienced some electricity blackouts during 2008. This was due to a low 
reserve margin and management problems. Price reforms for the electricity industry was 
introduced to attract the necessary investment into the sector for a capacity expansion. An 
increase of 1% in the electricity price, however, has the effect of decreasing electricity 
demand by 0,5%. It is projected that electricity prices will increase in nominal terms on 
average by 25% which in real terms means an increase of 127% over the period between 
2010 and 2015. This compares to 3,3% growth y/y and a GDP growth of 18% over the same 
period [Oliphant, 2010].   
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South Africa’s crude oil requirements are mostly met by imports from the Middle East and 
Africa. Three technologies are used to meet its needs for refined petroleum products such as 
petrol, diesel fuel oil, paraffin, jet fuel and liquid petroleum gas. The methods used are crude 
oil refining, secondly coal to liquid fuels and gas to liquid fuels and thirdly natural gas to 
liquid fuels [SAPIA, 2010]. The refinery locations are presented on the map depicted in 
Figure 4.2 with the refinery throughputs and ownership given in Table 4-3 [SAPIA, 2010]: 
 
Table 4-3  South African refineries, crude throughput and ownership 
 
Name                                   Crude throughput         Ownership 

 
Chevref                               100 000 bpsd                Chevron South Africa 
Enref                                   120 000 bpsd                Engen Petroleum 
Natref                                   92 000   bpsd               Sasol/Total South Africa (64/36%) 
Sapref                                 180 000 bpsd                 Shell SA/BP SA (50/50%) 
 
Coal and gas processed and refined with volume given as crude equivalent: 
Sasol Secunda                   150 000 bpsd                 Sasol 
 
Gas processed and refined with volume given as crude equivalent: 
PetroSA                               45 000 bpsd                 PetroSA 
 
Note: bpsd = Barrels per stream day. 
 
 

 
 
Figure 4.2  South African refinery locations. [Source: SAPIA 2009 Annual Report.] 
[Acknowledgment: Figures and tables as used in this chapter are done noting copyright protection for SAPIA] 
 

The main products in the South African fuel market are petrol  with a consumption figure of 
11,3 billion litres in 2009 and diesel with a consumption figure of 9,1 billion litres in 2009. 
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From Figure 4.4 it can be seen that the consumption patterns for the two commodities are 
relatively constant, with only a 6,6% decrease in diesel usage during 2009. 
 

 
 
Figure 4.3  Petrol and diesel consumption in South Africa from 1988 – 2009 [SAPIA, 
2010] 

 
Overall there is about a 20 percent difference between the volumes of petrol and diesel used 
in South Africa. As for other petroleum products, these two energy carriers are moved from 
refineries by pipelines, rail, sea and road to approximately 200 depots, 4 600 service stations 
and about 100 000 direct consumers who are mostly farmers [SAPIA, 2010]. On the 
wholesale side, distribution is mostly done through the major oil companies who operate 
storage terminals and distribution facilities throughout South Africa. The retailng is done 
through  about 4 600 service stations who are dealer or company owned, as manufacturers 
and wholesalers are prohibited by the Petroleum Products Amendment Act, 2003 from 
holding a retail licence. 
 
As biodiesel is also considered in other countries for aviation use as is mentioned in Chapter 
2, it needs to be noted that the consumption of jet fuel was 2 186 million litres in 2009. The 
consumption figures for the other main petroleum products are illustrated in Figure 4.4 
[SAPIA, 2010]: 
 

 
 
Figure 4.4  Consumption of other petroleum products in South Africa [SAPIA, 2010] 
 
 In Figures 4.5 and 4.6 respectively, the distribution and usage of the two products petrol and 
diesel from the outputs by refineries from a regional and sector perspective are given. 
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  Petrol      Diesel        

 
 

 
 

Figure 4.5  Petrol and diesel usage by region [SAPIA, 2010]  
 
 Petrol      Diesel 

 
 
Figure 4.6  Petrol and diesel usage by sector [SAPIA, 2010] 
 
Various contributions, margins and levies constitute the components of the petrol and diesel 
consumer prices, respectively. If the Gauteng retail price of 776,0 c/l for 93 octane petrol as 
sold in December 2009 is analysed, the price breakdown can be illustrated pictorially. The 
same applies to the diesel price for 0,05% sulphur diesel sold in Gauteng at 703,450 c/l in 
December 2009. The relevant detail is shown in Figure 4.7. The methodology used for 
calculating adjustments to the petrol and diesel prices as announced monthly, is given in 
Chapter 7, section 7.7.3. In comparing biodiesel to diesel prices, Department of Finance 
(SARS) incentives are based on the levy and depreciation rebates, but for the consumer or 
end-user, the comparison to be made, is the selling prices of the two products at the retail 
outlet. 
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  Petrol     Diesel 

 
 

 
 
Figure 4.7  Petrol and diesel price breakdown [SAPIA, 2010] 
 
For 2010, the unused global capacity of refineries stood at 16 millions barrels per day, which 
the chief economist of BP Plc, Christof Rühl, argues will be unlikely to be taken up before 
2030. South Africa would only need to secure about 2% of net exports of refined oil 
products, mainly available from the Middle East, India and South Korea [Creamer, 2010]. 
This represents a very small portion of the amount of refinery products available in the world 
market. 
 
Presently, South Africa does not have the oil refining capacity to satisfy the needs for 
refinery products. It was announced that PetroSA plans to build an oil refinery with a 
capacity of 400 000 bl/d at Coega. This compares with the current use of 550 000 bl/d of 
which 70 000 bl/d in crude oil and white products are imported [Styan, 2010]. The new oil 
refinery, dubbed Mthombo, is expected to start production by 2014 [Pringle, 2009]. It seems 
as if this planned refinery is targeting Angola and Venezuela as supply sources for what is 
estimated to be a $11 billion investment at a site that has no infrastructure to transport the 
white product to the key market of Gauteng province [Creamer, 2010]. It is claimed that the 
new refinery will be saving about R18,5 billion on imported fuel [Styan, 2010].  
 
It is estimated that Angola can produce 1,9 million barrels of crude oil per day (circa 2010) 
and its domestic needs are about 125 000 barrels per day. The significant issue for South 
Africa is that Angola is building a 200 000 barrels per day refinery at Lobito at a cost of $8 
billion, also to be producing refinery products in 2014 [Reuters, 2010 (Aug. 25)]. At present 
South Africa does not have local crude oil production to supply its planned refinery, whereas 
Angola has capacity and is in fact planning a third refinery near the coastal town of Soyo in 
northern Angola, the present refinery being at Luanda.  
 
PetroSA, awaiting Department of Energy approval for the Mthombo project, claims that the 
establishment of the refinery will be a catalyst for cleaner fuel in South Africa. It will be 
providing many employment opportunities in the Eastern Cape and will play a very important 
role in the transformation of the oil industry. Other oil companies are of the view that this 
refinery will have to also rely on the use of scarce skills and imported equipment and will 
result in job losses at present refineries. Product will also have to be exported into a buyers 
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market with the overcapacity in the world refinery market, which is expected to last until 2030 
[Styan, 2010].  
 
The establishment of this refinery is seen to be one of at least four factors acting as a 
disincentive to promoting the biofuels sector in South Africa. Some other identified factors 
include the lack of support by government and government policy makers, the effect of crude 
oil prices, meaning that lower oil prices encourage an investor shift away from renewable 
energy and biofuels, and an inadequate policy framework to promote the biofuels sector 
[Makenete, Baart, as quoted by Pringle, 2009]. 
 
The policy framework can be seen to be coupled to the National Biofuels Industrial Strategy, 
which is driven predominantly by the need to address issues of poverty, rural development 
and Black Economic Empowerment (BEE). The policy is an attempt to achieve a 
development balance between previously disadvantaged farming areas in the so-called 
former homeland areas and commercial farming areas [Esterhuizen, 2009]. With the 
objective to create jobs in the energy-crop and biofuels value chain in the former homelands, 
the Strategy is to act as a bridge between the first and second economies [Van Zyl, 2009].  
 
South Africa is not unique in having a socio-political agenda with regard to renewable energy 
(RE) and in particular biofuels. The national government views RE as a means to reach its 
constitutional commitments, the aims being poverty alleviation and job creation which are 
both human rights issues. [Brent, 2009] The question is whether biofuels as renewable 
energy projects will result in sustainable energy development, bearing in mind that socio-
political factors, as well as economic and technical aspects, have to be evaluated. This 
includes the sustainability of technology transfer. 
 
It has been found that there are five spheres that have to be integrated in a framework for 
rural energy and rural development, the five spheres or holons being social, institutional, 
technological, ecological and economic [Brent, 2009]. Technological, ecological and 
economic spheres are well understood, except to comment that the choice of technology is a 
product of careful analyses of demand and supply, required and available skills, and the 
standards and control measures that are in place. The institutional sphere can be seen to be 
mainly concerned with the creation of supportive institutions, which need not be restricted to 
any level of government or organisation [Brent, 2009]. The social sphere places people and 
their needs in the centre of the renewable energy process. 
 
Using the Delphi technique in analysing the parameters determined for ITDG (Intermediate 
Technology Development Group) and SURE (Sustainable Rural Energy) frameworks, a 
number of factors were identified making for success or a trust shattering failure. These can 
be used for commenting on the risks associated with the Biofuels Policy. 
 
Before commenting on the risks associated with the implementation of the Biofuels Policy, a 
number of comments from other studies that are applicable, needs to be briefly discussed. 
Some comments are:- 
 
 

 There is complexity associated with rural development and rural renewable 
energy. 

 

 If private versus public renewable energy initiatives are considered, there is 
strong minority antagonism towards any renewable energy provision that is 
not market-led. This is probably coupled to policy that can be constraining 
and enabling or even precipitate paralysis if there is a large amount of policy. 
From a community perspective, this is coupled to involvement and 
acceptance. 

Stellenbosch University http://scholar.sun.ac.za



59 
 

 

 Technological ignorance, and with that the technical maintenance ability of 
the community, are all seen to be hindrances to the sustainability of energy 
implementation. Coupled to these are to ensure that communities’ needs and 
wants are to be satisfied as these influence community participation, 
especially if the rural development is project based and not ownership based. 
The lack of aproject based approach, led by the private sector with research 
and development founded on only financial and technological considerations, 
has been identified as a flaw in the South African renewable energy industry 
[Brent, 2009]. 

 
From the above observations and from another study on the sustainability of off-grid 
electrical technological systems in the (South) African context, the principles of sustainability 
science have been identified in order to design and manage renewable energy technologies 
[Brent, 2009]. It was found that transdisciplinarity and technical understanding in a holistic 
sense is necessary, including the implications over time for an integrated system. In 
particular failure will result if complexities of the social and institutional systems are not 
catered for and if technological systems are not resilient to demands from social, economic 
and institutional sub systems. 

4.4  THE STRATEGY FOR BIOFUELS 

 
The “White Paper on Renewable Energy” from the South African Government set a target of 
10 000 GWh of energy to be produced from renewable energy sources, mainly from 
biomass, wind, solar and small-scale hydro by 2013 [Republic of South Africa, DME, 2003]. 
 
Following a decision by Cabinet as the executive authority for Government in South Africa, a 
draft Biofuels Industrial Strategy was published for comments and submissions to the 
Department of Minerals and Energy (DME) for receipt by 10 March 2007 [DME, 2006]. As 
part of the consultation process interested parties were given the opportunity to attend 
meetings at nine different venues throughout the Republic of South Africa during early March 
2007. A presentation was done to the relevant portfolio committee around 28 March 2007 
[DME, 2007]. Furthermore, the DME presented the draft South African Biofuels Industrial 
Strategy at the UNEP Biofuels Workshop in Nairobi, Kenya on 28 July 2007 [UNEP, 2007]. 
 
In essence, all the documents communicated a view that the focus for the biofuels industry 
should be to provide for increased demand and market access to cater for surplus 
agricultural products, and secondly, to meet the broader interest and national development 
priorities of South Africa in the short and long term. On intentions, this translated to job 
creation and economic contributions to achieve holistic sustainability benefits with “as light 
handed a government approach as possible.” The feed stocks for bio-ethanol would be 
surplus maize and sugar cane, while utilising some 1 million hectares of high potential land 
in the former homelands for crops for biodiesel production. 
 
During December 2007 a National Biofuels Industrial Strategy driven by the need to address 
issues of poverty and economic development was approved by Cabinet [DME, 2007]. This 
Strategy aims at creating a balance between “previously disadvantaged farming areas” and 
commercial farming areas by utilising local crops grown mainly on currently underutilised 
land in the former homelands. The 4,5% biofuels penetration of national petrol and diesel 
volumes was reduced to 2%, the targeted crops being soya, canola and sunflower for 
biodiesel and sugar cane and sugar beet for bio-ethanol. At present sugar beet is not 
produced in significant quantities in South Africa and from EU experience is known to have 
the highest negative energy balance of all crops used for biofuels production. 
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It is justified to refer to the strategy that was approved by the South African Government at 
the end of 2007 as a paradigm shift in approach and not necessarily reflecting the comments 
or expectations of many of the interested parties who participated in the consultation process 
up to that point in time. Whereas before the approach was orthodox neo-classical as a 
normative welfare analysis, learning from the experiences of other countries, it changed into 
political economic theory, where the angle is open and deliberate statements to correct 
some other problem or problems. The set of policies for the strategy suggests that they are 
designed to benefit political constituencies, rather than maximise economic welfare or 
environmental goals, it being debatable whether biofuels stimulation is indeed sensible in a 
developing country.  
 
Criticisms on the process leading to the approved strategy are the reluctance of DME to 
release the comments generated during its participation process, the composition of the 
Biofuels Task Team (only public sector representatives), and the lack of transparency since 
March 2007. The complaint that stakeholders participate in consultative workshops and 
policy document reviews, but only to see their inputs not filtering through to final documents, 
has substance [Sebitosi, 2008]. Indeed there are some knowledgeable people in the 
academic and business worlds respectively, who may have even attempted, without 
success, to make a positive contribution to a globally important matter. It is also instructive to 
briefly reflect on experiences in other countries and their drivers for their biofuel industries. 
 
In the U.S. the biofuels industry “was created by a mix of Federal and State subsidies, loan 
programs, and incentives. It continues to depend on Federal and State subsidies.” In a 
report for the Global Subsidies Initiative, October 2006, it is observed that some ten years 
after the above statement, it is acknowledged that “renewable fuels are produced only in 
countries where programs have been created to assist their production.” For biodiesel, this 
means that at state level more than 160 pieces of legislation have to be tracked. 
Furthermore, in 2006 in total the subsidies provided in the U.S. for liquid biofuels fell 
somewhere within the range $5,1 - $6,8 billion for ethanol, and $0,4 - $0,5 billion for 
biodiesel. If subsidies are examined per unit of energy produced, again subsidies are higher 
for liquid biofuels compared to most other fuels, on a thermal equivalent basis (per MMBtu) 
with their petroleum – product equivalents, in the neighbourhood of $1,05 to $1,38 per US 
gallon for ethanol and $1,54 to $1,96 for biodiesel. For the third important issue, the pollution 
benefits and removal of CO2, ethanol subsidies amount to over $500 per metric ton of CO2 

equivalent removed from corn (maize) based ethanol [Koplow, 2006]. 
 
In the EU, its biofuels policy pursues three objectives: to reduce the EU’s dependency on 
foreign sources of energy, to reduce greenhouse gas (GHG) emissions, and to support 
farmers’ incomes by providing new outlets for agricultural products. In energy content, the 
policy aimed for a 2% biofuels market share by end 2005 and 5,75% by end 2010 [Kutas, 
2007]. 
 
Translated into litres of petrol and petroleum diesel equivalent, the rates of support are 
considerably higher for ethanol than for biodiesel. In the case of ethanol, its level of support 
on a petrol equivalent basis was more than twice that of the €0,46 ex tax market price for 
regular unleaded (RON91) petrol in 2006. Total support amounted to an estimated €3,7 
billion in 2006 for some 5,5 billion litres (4,9 million tonnes) of biodiesel produced and 1,5 
billion litres (1,2 million tonnes) of ethanol. Per unit of energy produced, the support or 
transfers generated by biofuels policies is high – on a thermal equivalent basis, in the 
neighbourhood of €35 per gigajoule for ethanol and €15 per gigajoule for biodiesel (1GJ = 
0.9485 MMBtu). 
 
For CO2 removal, the subsidy cost per tonne of CO2equivalent (CO2e) removed is estimated 
to be between €575 and €800 for ethanol made from sugar beet, around €215 for biodiesel 
made from used cooking oil and over €600 for biodiesel made from rape seed. Overall, the 
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burden on national treasuries will rise in proportion to domestic consumption. More so, as 
the bulk of support is tied to production or consumption, and the target for 2020 is more than 
five times the current rate of incorporation, the support to biofuels could treble if the current 
rates of subsidisation are not modified. 
 
In Brazil the government has underwritten the ethanol programme by providing highly 
subsidised financing for producers, a guaranteed market, and support prices for producers 
and subsidies for consumers. Similarly in Malaysia and Indonesia, the governments have 
encouraged the development of the palm oil sector through a variety of concessions at every 
step from planting to export [EBB, 2010]. 
 
In developing countries, policies on so called renewable energy should also focus on 
biofuels technologies for alternative uses such as cooking and electrification from biomass, 
which can be grown on the same lands that are planned for the cultivation of feedstock for 
ethanol and biodiesel. More fundamental are the emotions and needs around food in 
preference to energy and swapping of one scarce commodity, oil, for another, land. 
 
In South Africa, there seems to be no recognition for the fact that the so called underutilised 
lands which may have been identified for biofuels production probably provide pastures, 
sources of fuel wood and habitation [Le Roux, 2008]. Clearly the lack of a specific 
assessment of the impact of the strategy from these perspectives is an oversight, noting 
inter alia the role of livestock in the agrarian chain in the identified areas. Also, in the final 
analysis, as indigestible as it may be to urbanites suffering from congested roads, fuel price 
increases and creeping interest rates, South Africa will stand to benefit less from a fall in oil 
prices but lose more from an increase in the price of cereals, specifically maize, more so 
than oil seeds. The latter is still more linked to a higher standard of living, as is also the case 
with meat consumption. The above predictions are also connected to the fact that South 
Africa was becoming a net importer of food [Willemse, 2007]. The underutilised land 
furthermore, has a preservation value and an importance for job creation in the tourism 
domain. Specifically on eco-tourism which links back to biodiversity, it is postulated that 
second generation biofuels, such as those derived from cellulosic lignin technologies, will 
threaten biodiversity. 
 
The issue of the paradigm shift in biofuels strategy culminating in a position that wants to 
enforce changes to accommodate the previously disadvantaged, also happened in the 
South African Sugar Agreement of 1999. As we have not learnt from that experience, a few 
observations are warranted. In particular, it is not easy to comprehend why the strategy 
seems to have ignored some pertinent recommendations and conclusions from the Biofuels 
Task Team’s own initial study.  
 
Given the period identified prior to a review of the strategy, i.e. the short- to medium term, it 
will be difficult for subsistence farmers to produce significant amounts of energy crops for the 
main stream economy. Secondly, it was concluded that for the subsistence farmer energy 
inputs will be high, prices paid low, the yield of biofuels crop per person hour will be low and 
the cost of trucking high. The consequent low return will unlikely encourage small scale / 
subsistence farmers to produce biofuels. Linked to subsistence farmer practices, it was 
predicted to be difficult to develop a programme that enables significant amounts of biofuels 
to be produced without changes. Lastly, although there is a vast area of seemingly idle land 
in the former homelands, it was thought too difficult for it to be used for biofuels production 
under the present land tenure arrangements. If a mono crop culture has to be nurtured in a 
specific area in South Africa, rightly it can be argued that it should rather focus on food 
production in the short- to medium term.  
 
Accepting the observation on political economic theory vis a vis neo-classical approaches, 
South Africa is not unique in determining a strategy through political ideologies, or political 
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compromise and thus market distorting, rather than cost–benefit or cost–effective analysis. 
However, some dangers are that promoting multiple policy objectives with one strategy is 
rarely efficient. Secondly, the two percent for biofuels penetration has no other basis than 
being a simply convenient round figure. At this level, with only a few primary users in the 
form of blenders or refiners/oil companies, biofuels will have a niche value and the possibility 
of anti competitive behaviour exists. 
 
What distinguishes South Africa, in the context of agricultural support, is that on both 
continents, the U.S. and the EU, the crops also used as feed stocks for biofuels, were 
produced before the large scale expansion of the biofuels industry, resulting in surpluses 
and also the infrastructure existed. It is so that in the EU, the 1992 Common Agricultural 
Policy (CAP) reform introduced the obligation to set aside 15 percent of the areas dedicated 
to cereals and oil seeds to curtail surpluses that could not easily be exported. Thus the 
reform allowed farmers to produce non feed crops on these areas, while benefiting from the 
set aside compensatory payment – a distinct market distortion / manipulation. In contrast, in 
targeted areas, the land is “underutilised” and without proper infrastructure from a biofuels 
perspective. The question remains as to the present uses of land with high potential and why 
is it not preferable to improve the infrastructure and rather use the land concerned for food 
production. The costs concerned in producing biofuels will not provide enough of a margin 
for infrastructure development. 
 
What then would have been a more sound approach to a biofuels strategy, assuming a 
strategy is needed at present? 
 
From a policy maker’s perspective, as stated in the World Bank Policy Research Working 
Paper WPS 4341, September 2007, the problem is often one of finding the best way to 
allocate public resources towards achieving a specific end, say reduction of oil imports, or 
the creation of rural jobs or some other objective [Rajagopal, 2007]. Thus developing good 
policy, prescription requires good understanding of what will be the aggregate response of 
the entire sector to a policy, such as pollution taxes and standards, blending mandates, 
trade regulations, etc. The emphasis in such cases is on a sector wide model, which 
includes all producers and consumers that are likely to be affected by the policy. Measured 
in terms of these criteria, the South African Biofuels Strategy fails on a number of counts. As 
a corollary, were these counts differently addressed, that would have constituted a more 
sound approach. 
 
Firstly, the consumer or user of biofuels is ignored. That means that no thought was given to 
the user in terms of a benefit, be it the subsidised purchase of biofuels blends or even fuel 
flexible vehicles (FFV); encouraging transport fleets or specific markets like the taxi industry 
to switch with price or tax incentives; the exclusive use of fast lanes in an urban environment 
for biofuels propelled vehicles or a host of other innovative possibilities. To the contrary, the 
current incentives such as a reduction of the fuel tax levy, accelerated depreciation of 
biofuels capital costs, producer incentive schemes unconstitutionally limited to agricultural 
feedstock supplied from currently underutilised land in the former homelands only, all 
translate to “ the consumer pays”. 
 
Secondly, although biofuels will only command a small percentage of the transportation 
market, is industry concentration being nurtured? If so, then the political economy of subsidy 
creation and retention features. Larger players benefit most and long term benefits diminish 
for the weaker players, the small farmers. If not, why should entities like the IDC, the CEF, 
government agencies, BEE companies and possibly the oil industry be the preferred 
participants because of supposedly a higher investment risk? 
 
Thirdly, if the commercial farmer comes into the picture, be it through the failure of the new 
homeland policy or many other risks not fully understood in the South African context, 
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another systemic risk is introduced to enhance the dilemma around the strategy. This risk  is 
being exposed to the mercy of at least two commodity cycles: firstly, oil (gas, coal etc. for 
fertilizer and energy inputs in the production cycle) and secondly, for either sugar or maize – 
assuming GrainSA succeeds in its presentations and noting the position of the U.S. corn 
industry – on the one hand and oil seeds on the other hand. If anything, the objective should 
be to decouple fossil energy inputs from biofuels inputs and thus outputs. In an absurd way, 
the lower the percentage of biofuels in the mix sold at the petrol station pump, the more 
inextricably biofuels are linked to fossil energy prices and fluctuations in demand and supply. 
For feed stocks, it is fundamental that a rising demand for a product increases the prices of 
its feed stocks. The secondary issue here is the grain imports by poor nations. A tertiary 
issue is that simulations for Europe found that moderate production targets for biofuels, as is 
the case in South Africa, will lead to an expansion of mainly biodiesel production. More 
ambitious targets for biofuels will stimulate bio-ethanol production as the relative production 
output of bio-ethanol per unit area is larger than that of biodiesel. If the use of maize for bio-
ethanol production is allowed in South Africa, it will mean that the production of food crops 
will be detrimentally affected [Link, 2010]. 
 
Fourthly, two related issues not tackled in the strategy, are specifications and diversity of 
feedstock for both biodiesel and ethanol. It is not enough to assume the oil industry will look 
after quality control if the fundamentals are wrong. On specifications, the relevant SABS 
specification mandates only methyl esters of vegetable origin (that means methanol reacting 
with vegetable oils). This ignores the preference in Brazil for ethanol, the use of a greener 
alternative to methanol, possible specification failure of soya derived biodiesel because of 
Iodine values, various issues around pour points and most significantly, the exclusion of fats 
and oils from an animal origin, be it the rendering/feedlot industry and abattoir wastes or 
even poultry fat. 
 
On excluding maize as a feedstock, the original intention was to use the maize surplus to 
food requirements in which case market forces would have hopefully determined costs. It is 
so that maize conversion to ethanol requires an additional process step, one of two reasons 
why Brazilian ethanol from sugar cane is produced at a comparatively lower cost. For Brazil, 
the other reason stems from the profile of sugar cane producers, either huge enterprises or 
small farmers supplying cane to the mills, in both cases having lower overheads per tonne of 
cane produced than the middle of the road commercial farmer. It is possible that the 
Government or Biofuels Task Team had in mind thousands of small farmers supplying cane 
and sugar beet to the mills, however, topography and infrastructure deficiencies are 
significant issues in the preferred supply areas compared to Brazil, as good as rainfall and 
soil may be. 
 
As reluctant as our policy makers may be to consider direct subsidies, and possibly for good 
reason, noting the current German Biofuels industry crisis [EBB, 2010], the EU found it 
necessary to provide price support to EU producers estimated at €420 million in 2006, 
preventing access by its consumers to cheaper imports and isolating EU producers from 
international competition. With a high likelihood of oil seeds, oil or even biodiesel being 
imported into South Africa, this should be considered in the context of the balance of 
payments issue as neither crude oil or raw material imports for biofuels assist in reducing the 
negative balance. This leads to two issues, tariffs and import certification of raw materials or 
products in terms of more environmentally friendly production methods; such as avoiding the 
destruction of a rain forest and the annihilation of its fauna for the sake of producing palm oil 
or soya beans. Import tariffs will not benefit for example SADC countries, but if a major 
producer such as Argentina has 27,5% on soya beans, 32% on soybean oil and 20% 
(effectively 14,16%) on biodiesel as export tariffs to manipulate its supply side, surely local 
industry can benefit by some form of direct protection [EBB, 2010]. Such mechanism will 
create a direct subsidy as a form of insurance to local producers. As it is, the U.S. paid for 
the insurance around crude oil supplies by its involvement in Iraq and closer to home, the SA 
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Government, Eskom and in effect the tax payer paid billions of Rand for the development of 
the Pebble Bed Modular Reactor Technology as energy insurance. 
 
It is noted that the new strategy did not advocate the mandatory imposition of biofuels 
incorporation targets, which has the effect of transferring the burden of supporting the 
industry to the consumer. Through the proposals announced in the 2009 Budget, such 
intervention has happened in the electricity industry. Some R60 billion will be provided to 
Eskom and a R0,02/kWh levy introduced for the usage of electricity, these steps translating 
to the consumer paying for Government’s and Eskom’s strategic errors. 
 
Also mandatory blending requirements would have been a form of direct control over the fuel 
market which can be described as inelastic and thus any consequence or effect would have 
passed on to the consumer. Furthermore, up to the point at which the biofuels market is 
satisfied, the market will clear at whatever price is necessary to bring forth the needed 
supplies dictated by a mandatory percentage biofuels penetration. 
 
In the draft regulation R. 745 issued by the Department of Energy on 16 September 2011, in 
terms of section 3. (1), a licensee may only purchase biofuels from a licensed manufacturer 
of biofuels in the Republic. Secondly, licensees must purchase all the biofuels sold by a 
biofuel manufacturer and it seems as if a regulated price will be set for biofuels [Republic of 
South Africa, DE, 2011]. The blending ratios set in R. 745 at 5% v/v for biodiesel does not 
match any ratios previously proposed and time will tell in what form the regulation will finally 
be made law. 
 
As to the need for a biofuels industry strategy at this point in time, firstly it should be 
recognised that second generation technologies for biofuels are being developed and are 
probably only a few years away from commercialisation. No doubt this will bring about its 
own set of challenges. It has the potential, however, to lessen issues such as food versus 
energy; the price pressures on current feed stocks; the controversies around the energy 
balance on feedstock production and the realisation that biofuels may have no positive 
impact on carbon dioxide (CO2) emissions. 
 
Secondly, the principle that the polluter pays is not yet well established in South Africa and 
whether it is a developing or developed country seems to be a matter of convenience. What 
is true, is that South Africa does not enjoy most favoured nation status with the EU, it is not a 
significant player internationally in terms of relevant crops and feed stocks or competition 
and it makes the international investor community nervous in terms of its land reform 
policies. 
 
Thirdly, in South Africa, as long as it has what is perceived to be cheap coal and no effective 
curbs on its contribution as a pollutant or contributor to global warming through power station 
emissions of CO2, there are many more significant issues at hand than now establishing and 
nurturing an infant industry. 
 
Fourthly, the conclusion for the European Union is that supporting biofuels is currently not 
efficient without including the economic benefits from additional employment generated or 
the resulting incremental security of energy supply. Realising that subsidies and tax 
incentives from an economic perspective in Germany created an infant, or perhaps a 
monster, that has the potential to require indefinite fiscal support, the German authorities 
started to tax the biofuels industry. The resultant implosion meant that 90% of small and 
medium sized biodiesel plants went into remission with the further possibility that some 100 
000 employment positions and the closure of some 2 000 biofuels filling stations will 
eventuate. Drawing a parallel with the effect of Government strategy for the local electricity 
industry in its widest sense, for the biofuels industry it is necessary to state up front that it is 
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likely that national strategic and social objectives can be met by less expensive alternative 
means. 
 
The question is whether the strategy has not created the conditions for a perfect storm, 
through its timing or perceived shortcomings or both. It certainly has agricultural policy, 
social policy, environmental policy and energy policy all encapsulated in one strategy. 
Secondly, as in so many other countries,  the hands of the politicians are now discernable in 
a matter of global importance. 
 
As will be more comprehensively discussed in Chapter 6 in this dissertation, the 
conventional  conversion technology for biodiesel from oils (acylglycerols) is mature. It would 
therefore have been of more value to focus on alternative biofuel crops from a life cycle 
perspective in the strategy. Bearing in mind some of the constraints in existence in South 
Africa, the ideal biofuel crop should be tolerant to water stress, produce valuable co-
products, be suitable for subsistence farming and be suitable for decentralised processing to 
fuel [von Blottnitz, 2007]. The strategy did not address any of these conditions for a potential 
success story. 
 
Apart from identifying the ideal biofuel crop, building sustainability into biofuel production 
through investigating the interplay between four processes is seen as being necessary [von 
Maltitz, undated]. The identified four processes are: 
 

 A market-pull towards sustainable practices. A long term view should be taken on the 
effect on the environment and biodiversity so that impacts on society are minimised 
and the future of the biofuels market is not jeopardised. 

 The national strategy should be backed by appropriate laws and enforcement 
through impact assessments and labour laws. 

 Strategic planning for sustainability. Thus, short term political expediency and social 
benefits should be avoided. 

 Appropriate research and monitoring. This can be done through a technology 
roadmap to encapsulate grassroots and national development needs. 

 
Maybe one should examine whether there are not better ways of meeting the goals that the 
Strategy set for the biofuels industry and leave it to the private sector and the consumer to 
position what is becoming an eternal infant. Whether this suggested action will assist in 
weaning the industrialised society in South Africa from its exclusive dependence on oil for 
transportation, oil being the commodity which Pres. George Bush described as an addiction 
for the American nation, time will tell. 

4.5 THE POSITION ON BIOFUELS  

 
An approach to the position on biofuels is to assess the potential supply. A point of departure 
is to look at the statistics on the potential U.S. supply and ignore the contributions of the 
crops concerned as contributors to human food supplies. Using South African inputs, a 
position on biofuels can be calculated, however there is no biodiesel production at present. 
 
In 2005, 14,3% of the U.S. maize (corn) harvest was processed to produce 1,48 X 10¹º litres 
of ethanol, energetically equivalent to 1,72% of U.S. gasoline (petrol) usage. Soybean oil 
extracted from 1,5% of the U.S. soybean harvest produced 256 million litres of biodiesel. 
Devoting all 2005 U.S. corn and soybean production to ethanol and biodiesel would have 
offset 12% and 6,0% of U.S. gasoline and diesel demand respectively. However, because of 
the fossil energy required to produce ethanol and biodiesel, this change would provide a net 
energy gain equivalent to just 2,4% and 2,9% of U.S. gasoline and diesel consumption 
respectively [Hill, 2006]. For South Africa, the country has a net shortage of oil seeds. 
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4.6 POLITICAL ISSUES, SOCIAL AND ENVIRONMENTAL PROGRAMMES 

 
Since 1886 South Africa has not had a political economic system that could resolve sharp 
differences in interests between race and ethnic groupings in the country in a peaceful and 
just manner. The South African political economic systems have always been dysfunctional 
and based on asymmetric power relationships [Terreblanche, 2010]. The African National 
Congress (ANC) is entrenched as the dominant political party and runs the government 
[Mbeki, 2010]. 
 
Terreblanche [Terreblanche, 2010] identifies five, perhaps six, politically economic periods in 
the history of South Africa from the time of the discovery of gold to the present day. 
 

 Dominance by and due to British/English imperialism and colonialism leading to the 
economic devastation through the Second Anglo Boer War and draconian 
exploitation of Africans in the gold mines in the period 1886 to 1924. In particular the 
Anglo Boer War led to enormous material and psychological damage to the country 
and the various groups. 

 

 Coalition government to resolve language group conflicts and neglecting black 
interests in the period 1924 to 1948. The returns from the gold mining industry and 
the industrial expansion brought about by the Second World War benefited the 
middle class and resulted in marginally higher real incomes for blacks. 

 

 Through National Party policies the upliftment of a language group to middle class 
status and the impoverishment of blacks in the period 1948 to 1974. Real income for 
whites doubled but the per capita income of blacks as a percentage of ‘white’ 
income decreased from 8,9% in 1946 to 6,8% in 1970. 

 

 The struggle against white supremacy that led to stagflation and creeping poverty 
making all South Africans poorer except the top 20% of blacks in the period 1974 to 
1994.  

 

  A low intensity warfare resulting in enormous economical and psychological 
damage with per capita income decreasing in relation to that of the developed world 
countries and the complex relationship between black poverty, unemployment and 
inequality that came about. 

 

 The shift of political power to the ANC elite and various new capitalistic power 
groupings with an emerging black elite and larger black and white poverty in the 
period since 1994. The transition concepts were to disbandon race based and 
immoral political/economical systems and to establish a socially economically just 
system for all race groups. 

 
Following the protest marches, political upheaval and consequent changes of governments 
in Tunisia, Egypt and Libya in North Africa at the end of 2010 and in 2011, the question is 
whether the seventh politically economic period in South Africa will follow that pattern. There 
are similar issues in South Africa such as dissatisfaction on service delivery, unemployment 
of people with some degree of education, corruption and impending rising costs of food and 
transport. 
 
According to Terreblanche the post 1994 regime is also dysfunctional and immoral. It does 
not address the imbalance between black poverty, unemployment and inequality. Some 
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reasons are that the black elite, with a first world view have too much power, are indifferent 
to South Africa’s third world realities, all three levels of government are ineffective and 
corrupt operating in a too narrow capitalistic economy that is capital intensive, too neoliberal, 
too globally orientated and oligopolitically organised.  
 
From a voting perspective, voters for the ANC do not vote for ideological reasons or policy 
reasons, but primarily because of their material dependence on the ANC-controlled state. It 
is calculated that 10 million of the registered electorate of 22 million are poor and dependent 
on the extensive welfare programmes from the State. It follows that politically South Africa is 
stable and predictable. Economically conservative policies have to be pursued which means 
support from big business and multi-national corporations are obtained, being seen as 
essential to maintain the welfare state [Mbeki, 2010]. 
 
Four capitalistic formations emerged from the 1993 treaty between the corporate sector and 
the ANC leadership which Terreblanche sees to be all participating in the 
political/economical power play in South Africa:  
 

 The ‘white’ grouping endeavouring to protect its physical property, human capital and 
organisational skills accumulated in the period 1890 – 1990. 

 

 The ‘black elite’ grouping artificially and possibly questionably  created through black 
empowerment, including public utility management, that resulted in a shameless 
looting cancer. 

 

 The multi-national globally capitalistic corporations in mostly joint ventures with local 
corporations who have a great steering influence on local economies in poor 
countries and can move in and out of countries at will. 

 

 The trade unions with a combined political and economical agenda. 
 
Some of the political and economical consequences of the evolution of the four formations in 
South Africa are: 

 

 The trade unions are successful in obtaining above inflation wage increases while 
unemployment remains high. 

 

 The ‘black elite’ and the Government do not possess the capacity to suppress or 
manage the problem of inequality, unemployment and poverty due to lack of 
expertise, inexperience, corruption and self enrichment. 

 

 The lifestyle and excessive material indulgence of the ‘elite’ in the face of poverty 
that 60 percent of the population has to cope with. 

 
With consistently obtaining more than 60% of the votes cast during elections, the 
outstanding characteristic of the current democracy is how undemocratic it is. Terreblanche 
refers to the book “The Democratic Challenge (2009)” by Jorge Nef and Bernd Reiter who 
aver that the poorest 50% of the ‘poor South’ are systematically excluded from participation 
in global capitalism. They also cannot participate in a meaningful way in democratic 
processes evaluating choices between alternatives as they are in survival mode. The social 
welfare grants in South Africa also inhibit their political freedom of choice. 
 
Another view is that South Africa has become an a-democratic society as opposed to either 
a democratic society or an anti-democratic society [du Plessis, 2010]. An a-democratic 
society is one where, with or without the consent or cooperation of Government, society 
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bypasses the formal structures, presently mostly at the third tier, i.e. local government, to 
address a specific need. A need could be to repair a sewage plant not functioning or to 
address education inadequacies not securing a future for children. 
 
The dysfunctional trends in society emanated from a government in crisis, a population in 
crisis and an environment in crisis. These trends are causing the erosion of good 
governance and the structures of society becoming dysfunctional. 
 
The Government is in crisis as ANC cadres were widely introduced into the public service 
and in particular whites were scattered abroad. Two results were that the associated skills 
and expertise also disappeared and were not replaced. Secondly, a culture of securing 
pervasive sources of income and personal enrichment of government officials came about 
through tampering with contracts, tenders, pay-offs and other forms of corruption [du Plessis, 
2010]. 
 
The population is in crisis because of what is known as the 20/20 syndrome where society is 
losing its human capital over a very short period of time and cannot regenerate itself. The 
main factors contributing to this crisis are the number of poor and illiterate people, the wrong 
people are dying because of HIV/AIDS and many skilled people are leaving the country with 
the wrong people coming into the country, legally or illegally. 
 
The environment is in crisis not because of global warming but because in 2010 only 32 out 
of 970 sewage plants were functioning properly; only 30 out 283 municipalities had the 
capability of supplying clean water to their inhabitants and issues like the rising acid mine 
water levels in the Witwatersrand basin are not definitively addressed.  
 
The single-party dominant democracy as Mbeki sees it has two downsides that can affect 
political and economic stability. Over the short term the government “lacks accountability and 
is therefore prone to corruption and incompetence”. Over the longer term the social welfare 
expenditure programme may lead to lack of investment and job creation as the consequence 
of the apparent political and economic equilibrium is economic malaise [Mbeki, 2010]. 
 
Further downsides are that the political control became the dominating factor and a numbers 
driven society in contrast to meritocracy came about. The numbers driven society can also 
be clothed into a society described in terms of its demographic profile [du Plessis, 2011]. 
This resulted in a lack of governing capital as compared to voting capital.  
 
From these two formations there is a fascinating dualism of voting capital and governing 
capital. The problem is that governing capital in skills and expertise is needed to run 
functioning systems like farming, and at a more local level, sewerage plants and water 
reticulation works. The fact that this is not happening, may result in resistance against the 
functional decay by either demonstrations and the burning of council buildings or ground 
level emotion and indignation, for example in paying twice for security and education or 
funding a toll road system where fuel prices already include a levy for the provision and 
maintenance of roads [du Plessis, 2010]. While the opinions of a reckoned economist like 
Prof. Terreblanche or a political analyst like Dr. du Plessis  are only views, it will not be wise 
to ignore it, also in the context of this dissertation. 
 
Other political philosophers and commentators accept the South African constitution and that 
its concepts like “freedom” should power democracy [Naudé, 2011]. In the execution of the 
concepts of the constitution, dualism comes in as positive and negative freedoms. Positive 
freedom is the freedom to go out and have a particular kind of life. It is practised in South 
Africa as a very aggressive deployment by the state either through cadre employment or 
selectivity in social grants for that part of society it represents directly. Negative freedom 
“proscribes the maximum freedom allowed to the individual from the environment around 
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them that impinges and being free of external interference by the state, or by others”. With 
negative freedom one is not allowed to do as you please as explained by the political 
philosopher Prof. Pieter Duvenhage from the Monash University in Johannesburg [Naudé, 
2011]. 
 
In the process the application of the concepts of the constitution have different meanings for 
different groups in a country of plural identities and diverse groups. Homogeneity because of 
pluralism cannot exist and positive freedom is only valid for one sector of society through 
Black Economic Empowerment policy and many forms of exclusivity around the ‘previously 
disadvantaged’.  
 
The downsides of the faulty equation, different to those proposed by Mbeki, are  ”tragedies 
such as the waves of emigration of the very people” who are needed most to rebuild our 
whole and the country [Naudé, 2011]. The alienation of the country’s most equipped 
individuals from national interest through negative freedom has not resulted in successful 
governance and ruling anywhere else in the modern world. The other downside, being the 
lack of governing capital, is a further factor in alienating the individuals who read insecurity 
and concerns about educational standards and prospects for their children in the present 
state. 
 
South Africa’s international competitiveness has steadily deteriorated over the last thirty 
years. Also the top export products from South Africa (SA) are unprocessed commodities 
which had no value added to them [ETSA, 2010]. 
 
It is put forward that the main factor contributing to the steadily weakening of the South 
African position on competitiveness is the comparative position on growth in SA labour 
productivity measured in U.S. dollars (US$) per economically active employee. South Africa 
ranks 88th out of 104 countries for which data is available for the period 1980 to 2009. 
Furthermore, in terms of Gross Domestic Product (GDP) in U.S. dollar terms over the same 
period, South Africa is now in 26th place in terms of the size of the economy compared to 
19th place in 1980 [ETSA, 2010]. In view of the above, it is concluded that there are long 
term structural problems in the South African economy, two of these being the lack of action 
on skills development and secondly, problems on levels and standards of education. That 
South Africa has lagged behind in GDP growth per economically active person employed, 
can be seen  from Table 4-4 [ETSA, 2010]: 
 
Table 4-4  Index of GDP per economically active person employed from 1980 to 2009 
 
Country \ Year   1980   1990  2000  2009 
 
Argentina    100,0  75,2  106,9  124,3 
Australia    100,0  114,9  143,0  155,2 
India     100,0   133,8  191,8  293,6 
SA    100,0    87,9    78,5      88,9 
UK    100,0  122,0  155,3  168,2 
USA    100,0  115,0  140,8  159,0 
 
 
For agriculture, the Minister of Finance in South Africa, Mr. Pravin Gordhan pronounced in 
2010 that the well being of South Africa is in many respects dependent on a flourishing and 
functional agricultural sector. To him some crucial facts are that food exports at R46 billion in 
2009 constituted 10 percent of total exports, secondly, 650 000 people are directly employed 
in that sector, but millions of people rely on farmers and their workers. Agriculture has, in his 
opinion, to play a bigger role in employment in rural areas. Also emerging farmers and 
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commercial farmers are “two sides of the same coin” and to give attention to developing 
farmers does not mean that commercial farmers should be neglected [Visser, 2010]. 
  
Comparing support for the commercial agricultural sector of the South African economy, the 
country rates as one of the lowest in the world in support from Government and 
organisations linked to Government [Willemse, 2010]. This came about through policy 
measures that were put in place since 1994 [Olubode-Awosola, 2008]. Trade was 
liberalised, the market was deregulated, price support to commercial farmers was removed 
and the Land Redistribution for Agricultural Development (LRAD) policy came into action. A 
new dichotomy was established with two farm types, the commercial farmer and the 
developing or emerging farmer. The former farmer type is characterised by financial 
success, credit and management abilities, market access and capital intensive agricultural 
production. The developing farmer on the other hand has constraints such as inadequate 
technology, limited access to capital, lack of experience and marketing infrastructure 
[Olubode-Awosola, 2008]. 
 
Allthough the commercial farmer in South Africa internationally has a high rating for 
expertise, some constraints to his ability to produce and indeed survive are a lack of access 
to current technology, new international markets, high input costs, low worker productivity 
and high capital overheads caused by expensive machinery. The numbers of commercial 
farmers are continuously declining and one measure to counteract the constraints, is to 
increase the size of farms. In the view of the head of Absa Agribusiness, Mr. Ernst Janovsky,  
such a move is in direct conflict with plans to establish developing farmers on smaller units 
and adds to the difficulties faced by the commercial farmer to survive [Duvenhage, 2009]. 
 
An opinion on the relationship between oil availability and under-investment reveals that 
some of the main issues are that infrastructure and underskilling problems ensued from the 
lack of support by governments who formed national oil companies [Roberts et al., 2010]. 
This development also weakened the multi-national oil companies like ExxonMobil, Shell 
and BP who had global access to skills. On agriculture, a parallel could be drawn from the 
demise of the commercial farmer through government policy and actions. Secondly, it is 
common cause  that investment in agricultural research in South Africa is very low, which is 
not uncommon to the rest of the world with agricultural research having stagnated for 
decades, and therefore growth in outputs of crucial crops for food supply has levelled off 
[Goering, 2010]. Another parallel could well be drawn between the state of agriculture and 
food production in South Africa, compared to the peak oil scenario for the world, with the 
conclusion that the country will face serious problems with what is seen to be policy.  
 
A fundamental issue in South Africa is about property rights which Prof. Craig J. Richardson, 
professor in Economy at Salem College in North Carolina, U.S.A. describes as the 
foundation on which the economy is built and the concealed back bone of a country’s 
economy [Duvenhage, 2010]. The learned professor states that the rate, at which a country’s 
economy can develop, is dependant upon the ability of the government to create confidence 
from residents, banks and investors through maintaining the principles of law. He also warns 
on rejecting the principle of willing buyer/willing seller which he states led to collapse of the 
economies of Nicaragua and Zimbabwe. 
 
There is widespread comment about the effect of the initiatives and actions around 
restitution and redistribution of land in South Africa. According to the South African Minister 
of Rural Development and Land Affairs, food security and economic growth were being 
undermined by the collapse of more than 90% of the farms that the government had bought 
for restitution or redistribution. This was done at a cost of R16 billion to settle 74 808 claims 
of the 79 696 claims lodged [Piliso, 2010]. 
 

Stellenbosch University http://scholar.sun.ac.za



71 
 

In replies to questions in the SA parliament, the minister stated that the government owes 
389 beneficiaries of the land restitution process more than R3,6 billion in support and 
settlement aid. Furthermore the government did not pay sellers for 972 472 ha of land 
purchased in the  three budget years, ending in 2010 [du Toit, 2010]. 
 
The government is being criticized by organised agriculture in that Agri SA suggests that the 
problem on land is not due to policy, legislation or strategy, but rather a lack of ability and 
dedication. The problem is not associated with the willing buyer/willing seller principle, but 
with incompetent management of finances, corruption and nepotism. According to TLU SA 
illegal farm occupation and conflict are realities [du Toit, 2010]. 
 
At the same time the Accelerated Shared Growth Initiative for SA in the Eastern Cape 
(ASGISA-EC) has been reported to be successful with the production of maize and the 
ploughing of about 500 000 ha in the Transkei region, which produces soya beans, canola, 
sunflower, sugar cane, flowers, sugar beet and fruit. The programme will address food 
security for an estimated 1,2 million people [Piliso, 2010]. 
 
There will undoubtedly be some successes resulting from present government policy on land 
reform and redistribution of land. It is projected that there will be a massive increase of 1 
645% in the number of farm units with projected low productivity. On the other hand, capital 
intensive agricultural production activities will substantially decrease, including the supply of 
products like soya beans and sunflowers. The small-scale farmer is projected to make an 
insignificant contribution to regional production in established farming areas and in creating 
export surpluses. Secondly, food self sufficiency may not be met. Thirdly, the government 
lacks resources to provide integrated support services to enhance productivity amongst 
LRAD farmers and their farms will become debt traps [Olubode-Awosola, 2008].  
 
The employment rate of adults in the labour market is a second fundamental issue in South 
Africa. Compared to an employment rate of 64 percent in Africa, the figure for South Africa is 
41,4 percent. Furthermore, over the last ten years the increase in economically inactive 
potential workers in South Africa was 24,8% compared to the growth rate of 4,6% for people 
working [Vollgraaff, 2010]. 
 
The government partially addressed this problem through the system of social grants for 
some 13,8 million people, compared to 12,8 million people in work and 5,5 million tax payers 
[Schüssler, 2010]. A 2011 figure for social grants is 15 million people. Some more dynamics 
on the employment issue are created by South Africa’s dependence on the export of 
commodities with the link to international prices and the fact that more than 20% of the total 
labour complement is employed by the State. According to Schüssler fixed investment 
shows a correlation with growth in employment and assists employment growth in the long 
term [Vollgraaff, 2010]. This, however, has to be productive employment in sectors like 
manufacturing or mining, and not service industry employment like in the public sector. 
 
In contrast, the unemployment figure for Germany was 7,4%, seasonally adjusted, for the 
first quarter of 2011 [Economist, 2011]. Some contributory factors to this figure are the ease 
with which jobs can be shifted in Germany, the flexibility on cutting working hours and have 
wage restraints and the success of the so-called Mittelstand. The Mittelstand is a 
philosophical construct which manifests itself as a legion of mainly small and medium sized 
firms, typically family owned and highly specialised. A parallel can be drawn with the typical 
South African commercial farmer. The irony is that whether as a perception or real, there are 
forces working on the demise of the commercial farmer in South Africa. 
 
For agriculture and the rural parts of South Africa there are some structural issues on 
government policy and its implementation that can not be ignored. Firstly, parastatals and 
organisations like the IDC are to manage gaps in the market and infrastructure development 
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[Willemse, 2010]. This is not happening. An example of the imbalance is that the 2010 maize 
crop of 13 million tonnes can not be economically exported because of transport 
inadequacies and costs, but local storage capacity can only handle up to 50% of the 2011-
12 demand. In addition to 1,2 million tonnes of oil cake, 1,3 – 1,5 million tonnes of wheat and 
800 000 tonnes of rice ex imports, maize for export has to be transported and the rail system 
no longer works. The net result is that food is not produced at reasonable prices, 
employment opportunities are not created, informal settlements grow around rural towns and 
villages, fuelling unemployment and crime [Willemse, 2010]. 
 
If some conclusion can be drawn from the facts mentioned in this section, it is presumptuous 
to compare what is described as a “collapse of a failed state” [du Plessis, 2010] to a 
disintegration of a civilisation. In a study of history, it is noted that 19 of 23 notable 
civilisations died from within where the rulers neglected spiritual non-utarian values, ethics 
and behaviours in themselves [Trowbridge, 2008, quoting Toynbee, 1939]. The moral 
collapse was from within, taking the demise of the Roman Empire round AD 400 as an 
example.  
 
It is interesting that history seems to be repeating itself as in Roman times there was the 
issue of not lending more money to Greece, the 2011 EU debate not being dissimilar. To the 
Roman empire the advice was “The budget should be balanced, the Treasury should be 
refilled, public debt should be reduced, the arrogance of officialdom should be tempered and 
controlled, and the assistance to foreign lands should be curtailed lest Rome becomes 
bankrupt. People must again learn to work, instead of living on public assistance.” 
                                                                      Marcus Tulius Cicero (55 BC) 
 
Some of the 16 stages summarised by Gordon Rattray Taylor from the work by Toynbee, 
were the break-up of small scale farming, urbanisation, the formation of a ‘mass society’, 
ever heavier taxation, decline of public safety, corruption and intrigue, wealth taxes and 
confiscation (restitution?) of properties and concessions made to the masses, all of whom 
are declared ‘equal’. From his work on the demise of civilisations, Taylor drew the following 
lessons - that governments cannot govern when they are technically incompetent, cannot 
maintain order and are at the mercy of a sub-group of the population [Trowbridge, 2008]. 

4.7 FINANCIAL AND OTHER INCENTIVES FOR BIODIESEL PRODUCTION 

 
In 2006 the chairman of the Protein Research Foundation of South Africa Gerhard 
Scholtemeijer remarked that nowhere in the world a biofuels industry is established without a 
government presence [van Burick, 2006]. This translates to tax, subsidies and other 
incentives to stimulate the establishment and running of a biofuels industry. 
 
In section 4.4 of this chapter, some of the incentives  in operation in other countries were 
described. In section 7.7 in Chapter 7, this topic is covered in more detail as it relates directly 
to answering the question this study is addressing, namely the economic feasibility of 
commercial biodiesel production in South Africa. Thus in this section, it will only be recorded 
that a fuel levy exemption of 50% for biodiesel and 100% for bioethanol is currently in 
operation [DME, 2009]. 
 

4.8 COMPARISONS WITH STRATEGIES AND PROGRAMMES FROM OTHER 
COUNTRIES AND GROUPINGS 

 
In the European Union (EU) the largest producer of biodiesel is Germany with an output of 2 
539 million tonnes and a capacity of 4 933 million tonnes in 2009 [EBB, 2010]. A macro-
economic evaluation of rape cultivation in Germany is available, based on an input-output 
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methodology [Schöpe, 2010]. If this model is studied, the conclusion is that unique effects 
have to be evaluated for every country where biodiesel production is contemplated. 
 
For the German position as it was assessed in 2003, the biodiesel strategy was built around 
the reduction of greenhouse gases following from the Kyoto protocol, the promotion of 
alternative energy carriers to fossil fuels, the substitution of soy meal, the alternative use of 
lands to ‘greening’, the use of fallow lands and lands withdrawn from cultivation for subsidy 
reasons, to name but a few variables for which input values and multipliers had to be 
established. On the output side, direct and indirect effects were identified. Some of these 
were related to products and technology, but in the main the following areas are important: 
GDP; employment, tax revenues, subsidies, imports, capital consumption, income from 
employment, income from property and entrepeneurship. For the production of 955 000 
tonnes of biodiesel, the revenue lost in taxes, was calculated to be €501 million. Elsewhere 
(Chapter 7) in this dissertation the effect of the withdrawal of the concession concerned is 
mentioned, but at the time the net saving in biodiesel production amounted to between 41% 
and 49% of the tax shortfall [Schöpe, 2003]. 
 
The most important production factor in the micro-economics study, as opposed to the 
macro-economics study, was the cost of raw materials [Körbitz, 1999]. The macro-economic 
study also estimated that 5 000 jobs would be created on the output mentioned above, the 
land for cultivation amounting to 300 000 ha. This job creation bonus would justify 70% of 
the detaxation, which was set to be the strategy for stimulating the German position on 
biodiesel [Körbitz, 1999]. 
 
The stategies and programme for the United States (U.S.) are different as the main issue is 
an energy-supply-security problem with the huge U.S. demand for its economy to keep 
moving. The U.S. strategic presence in peace times in the Gulf was calculated to cost $9,68 
per barrel imported fossil fuel into the country in 1991 [Ravenal, 1991, as quoted by Körbitz, 
1999]. 
 
The U.S., importing crude oil from more than 60 countries, has a strategy of diversification 
from imported crude oil from countries with high risks of internal stability [Correljé, 2006]. 
The nervousness of the U.S. stems from the perceived political instability in producer 
countries in the Gulf, many oil-producing countries being dependent on the one single 
product oil, the reluctance of oil producers to allow the likes of the seven sisters to do new 
investments in production facilities and the governance of oil prices.  
 
Countries such as Argentina, Malaysia and Indonesia focus on oil and biodiesel production 
from oilseeds for the export market and as is mentioned in this chapter, Argentina applies 
incentives for biodiesel exports by imposing lower duties compared to oil or oilseeds. 
 
Brazil is now expanding its biodiesel capability, having been very successful and developing 
a strategy and implementation plan for ethanol production. The Brazilian ethanol position is 
acknowledged to  be the most successful globally and is quoted widely as the way to go. At 
the Agricultural Biotechnology International Conference held in Johannesburg, South Africa, 
a representative from the South African Agricultural Research Council (Aart-Jan Verschoor) 
was quoted as saying that South Africa needed a “Brazil equivalent” [Wild, 2011].  
 
Through the Brazilian National Program for Production and Use of Biodiesel (PNPD) the 
partial substitution of 3% of diesel was established since 2008. This target is to increase to 
5% in 2013. Unlike the alcohol substitution as a fuel, direct and indirect mechanisms are 
used to stimulate the production of biodiesel [Santana, 2009]. A direct mechanism is to offer 
a credit line such as the National Program for Strengthening Family Agriculture (PRONAF). 
An indirect mechanism will encourage social inclusiveness in the production chain of 
biodiesel and will be available for example as tax incentives to companies. If the raw 
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material, like castor beans, is bought from family farmers in the northeast of Brazil, 
companies wil receive reductions on federal taxes related to the production and sales of 
biodiesel, as for example in the so-called Social Fuel Seal [Santana, 2009]. 
 
In New Zealand (NZ) a biodiesel grant scheme came into operation on 1 July 2009. In terms 
of this scheme, a grant of 42,5 cents per litre is available for biodiesel producers whose 
product sales amount to or are in excess of 10 000 litres of B100 (100% biodiesel) per 
month [Brownlee, 2009]. Funding of NZ$36 million was set aside for this scheme for 
biodiesel produced in New Zealand to the NZ Engine Fuel Specification from various 
sustainable feed stocks such as tallow, used cooking oil and rapeseed grown as a break 
crop.  
 
With effect from January 1, 2009, pure biodiesel made from waste animal fats and vegetable 
oils, was exempted from tax in China. This exemption saves biodiesel producers about 900 
yuan (US$135,33) per tonne. The Ministry of Finance and the Chinese State Administration 
granted this exemption to make biodiesel producers more competitive and to guard against 
the use of these feed stocks for human consumption. This also ensures food safety [Xinhua; 
Shanghai Daily, 2010]. As mentioned in Chapter 5, waste vegetable oil has different physical 
and chemical properties to virgin vegetable oils. 
 
The South African position, according to the Biofuels Association as reported in September 
2011, is that the country has the technology and resources to develop its bio-economy but 
“was stymied by a lack of regulations and government policy.” The key to a successful bio-
economy was to create the market and decrease the cost of doing business. The president 
of The South African Biofuels Association was of the view that the role of the government is 
to ensure that the logistical framework is in place. For that, the role of the government was to 
guarantee the market by also ensuring standardisation and quality control [Wild, 2011]. 
 
In the press release that announced the publication of the draft regulations R. 745 on the 
mandatory blending of biofuels with petrol or diesel, the Department of Energy stated that its 
objectives are to send a clear signal to potential investors on securing the off-take of biofuels 
by oil companies and to promote/enable the blending of locally manufactured biofuels to 
supplement local fuels supply pursuant to its strategic objectives. According to the 
Department of Energy, it is working on two projects, one being the break-even price of 
biodiesel and bio-ethanol; the second project being the determination of the bio-ethanol 
blending value.  
 
  

Stellenbosch University http://scholar.sun.ac.za



75 
 

 

5  FEED STOCKS FOR BIODIESEL PRODUCTION  
 

5.1  INTRODUCTION 

 
In evaluating carriers of energy, biomass is seen as a particularly attractive source of 
products to replace some of the energy carriers in the fossil energy field. A class of 
compounds in biomass could loosely be defined as biomass oils, which could be compared 
to petroleum distillate oil fuels. Considering the middle distillate fraction of crude oil, diesel is 
the most important constituent. This fuel used for compression ignition engines, however, 
was first sourced from a vegetable oil which, in terms of the above loose definitions, is 
biomass oil. 

5.2  Potential sources 

 
There are naturally occurring biomass oils but for the volume considered in the drive for 
replacements for the fraction of energy carrier in crude oil to be possibly replaced, it is 
imperative that production is done on a large scale as an agro-industrial activity. This 
research is focussing on the class of fuel known as biodiesel and therefore, the feed stocks 
being an integral part of the production chain, have to be considered in a systematic 
approach. 
 
An important consideration in the evaluation of feed stock for the production of biodiesel is 
whether firstly, the feed stock is specifically cultivated for biodiesel production; on the other 
hand whether the feed stock is available in large volumes with varied uses and seen as a 
commodity; and thirdly, whether the feed stock is a by-product of some other production 
processes. For this category of feed stock the potential for further growth may be limited 
[Ginder, 2006]. A constraint in this case could be the type of industry, environmental 
reasons, location and agrarian practices.  
 
For the first category of feed stock, algae could be considered as an example if it is 
specifically cultivated for biodiesel production. Cultures of algae are cultivated for other uses 
such as health foods containing β-Carotene from Dunaliella [Ben-Amotz, 2009] and 
astaxanthin from Haematococcus pluvialis [Huntley, 2007]. It has been calculated that oil-
based microbial biofuel needed to satisfy an energy demand of 300 EJ/year would require 
only 95 Mha, or 7,3% of the Earth’s estimated arable land [Huntley, 2007]. In the second 
category of feed stock one will find oils such as palm oil and soya oil with 2008 world supply 
of 43,3269 million tonnes and 36,9081 million tonnes respectively and a large number of 
uses including biodiesel production [Wahid, 2008]. With their many uses in foods, both these 
commodities feature in the food versus energy debate. As long as there is arable land 
available for their cultivation, and for many other oil crops, there is no technical limitation on 
their availability and they provide the best potential for further expansion as biodiesel feed 
stock. The third category of feed stock are the products available as by-products from other 
production processes such as tallow from the meat industry or waste cooking oil from the 
fast food industry. In contrast to virgin oils, these fats, oils and greases are often referred to 
as “FOGS” or “brown grease” when for example they accumulate in public sewers and waste 
treatment systems [Song, 2009]. During 2009 the world total FOGS generated was 
estimated to be 149 million metric tonnes per year.  
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5.2.1  Lipids 

 
Oils and fats, one of the more widely used terms, perhaps incorrectly, for biomass oils, 
belong to an extensive family of chemicals called lipids. Lipids are bio-products from the 
metabolism of living creatures and are thus found widely distributed in nature. They serve as 
structural components of biological membranes, provide energy reserves and act as carriers 
of fat-soluble vitamins [Stavarache, 2006]. Their bio-functions are diverse, but they are most 
known for their energy storage capacity [Lotero, 2006]. Oils and fats used in food 
manufacture come from a variety of sources and undergo a considerable amount of 
processing to make them suitable for their end use application. The knowledge of the 
chemical composition of fats and oils is crucial for industrial applications and human 
consumption [Stavarache, 2006]. 
 
For the purpose of classification, lipids are defined as hydrophobic or amphipathic small 
molecules that may originate entirely or in part from carbanion based condensations of 
thioesters (Fatty Acyls, Glycerolipids, Glycerophospholipids, Sphingolipids, Saccharalipids 
and Polyketides) and/or by carbocation based condensations of isoprene units (Prenol Lipids 
and Sterol Lipids) [Fahy, 2008]. In the maps developed by the International Lipid 
Classification and Nomenclature Committee more than 10 000 molecules are available in the 
8 well defined categories. 
 
Most lipids can easily dissolve in non polar organic solvents, as they are hydrophobic. Their 
solubility in non polar organic solvents results from a significant hydrocarbon component 
[Retief, 2006]. This gives them the “oily” texture which is usually associated with this class of 
compounds. They are classed more so on physical properties rather than a structural feature 
or function but ordinarily can be grouped into two basic types. The one type, containing fats, 
oils and waxes, have ester linkages and can be hydrolyzed leading to the formation of fatty 
acids. The second type contains terpenes, lipid vitamins and steroids, also known as 
isoprenoids, and as they do not have ester linkages, hydrolysis cannot occur [Retief, 2006].  
 
If a lipid is a solid at 25°C, it is classified as a fat, otherwise it is an oil. Typically fats are 
produced by animals and oils by plants, but they are all mainly constructed of triglycerides 
(triacylglycerol) molecules [Lotero, 2006]. These tri-esters consist of glycerol (a triol) and free 
fatty acids (long alkyl chain carboxylic acids). Other glyceride species, such as di-glycerides 
and mono-glycerides, are obtained from the triglycerides by the substitution of one and two 
fatty acid moieties, respectively, with hydroxyl groups. Secondly, from a biodiesel 
perspective, fats and oils are chemically equivalent; their differences arise from variations in 
their compositional fatty acid building blocks [Lotero, 2006]. Fats have a greater percentage 
of saturated fatty acids as building units, while oils have more unsaturated ones.  
 
IUPAC nomenclature is used to label fatty acids, but their common names are mostly used 
when referring to these compounds. In the structural notation for vegetable oils, which are 
fatty acids of glycerol, (triglycerides or acyl glycerols), R1, R2 and R3 represent the 
hydrocarbon chains of the fatty acids. R1, R2 and R3 may be the same, depending on the 
particular oil, but ordinarily are different in the chain length and the number of double bonds 
present [Peterson, 1991]. Shorthand notation for a fatty acid consists of two numbers, 
separated by a colon; the first indicates the total number of carbon atoms, the second the 
number of double bonds. The most commonly encountered fatty acids in vegetable oils are: 
lauric 12:0, palmitic 16:0, stearic 18:0, oleic 18:1, linoleic 18:2, linolenic 18:3, erucic 22:1 and 
ricinoleic 18:1. All are found in different amounts in vegetable oils, except for ricinoleic which 
occurs only in castor oil and erucic which occurs in rapeseed and crambe [Peterson, 1991]. 
A useful summary of the methodology in labelling fatty acids is available and in Table 5.1 
only some common fatty acids and their IUPAC and trivial names is given [Retief, 2006]. 
 
 

Stellenbosch University http://scholar.sun.ac.za



77 
 

 

Table 5-1  Some common fatty acids with their IUPAC and trivial names 
 

 
 
Vegetable oils and fats will normally be a mixture of various triglycerides and can be 
represented by a single pseudo-triglyceride with the following molecular structure [Bunyakiat, 
2006]: 
 
 [(CH2COO)2CHCOO](CH═CH)m(CH2)n(CH3)3                             5.1  
 
In 5.1 the term in brackets represents the triglyceride functional group. The values of ‘m’ and 
‘n’ represent the molecular weight and degree of unsaturation of the oil or fat and are 
calculated from the fatty acid composition of the oil or fat. 
 
Fats and oils usually contain fatty acids in their free form as a result of the spontaneous 
hydrolysis of the parent triglyceride compounds. These free fatty acids (FFAs) are usually 
linear molecules with 4-24 carbon atoms that may be saturated or unsaturated with typically 
1-3 carbon double bonds. Other compounds, such as pigments, waxes, sterols, glycolipids, 
lipoproteins, hydrocarbons, long chain alcohols, carbohydrates and vitamins (E, A and D) 
can also be found in oils in minor concentrations. In Table 5.2 the fatty acid residues 
contained in some common vegetable oils are given. According to the reference from which 
it was taken, it is unknown whether the values reflect weight, mole, volume or peak 
integration percentages but for the purposes of this study, a good idea of distributions of fatty 
acids can be seen. 
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Table 5-2  Fatty acid distribution in some common oil seeds 
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For biodiesel production, an ideal transesterification reaction differs on the basis of variables 
such as fatty acid composition and the free fatty acid content of the oil. Other variables 
include the type of catalyst, alcohol, water content and mass transfer parameters [Sharma, 
2008]. Depending on the fatty acid composition of the oil, its saponification number (SN), 
iodine value (IV), and cetane number (CN), it can be determined at the starting stage 
whether an oil is suitable for the transesterification reaction or not. As an example, for 75 
plant oils examined in India, based on the parameters mentioned above, 37 species showed 
potential for development as biodiesel feed stock [Sharma, 2008, quoting Azam, 2005]. In 
Appendix C a list of oil bearing plants and other sources of lipids potentially suitable for 
biodiesel production or which have been evaluated for biodiesel production, is provided. 

5.2.1.1  Lipids which are edible 

 
Lipids which are edible will comprise the oils and fats which are used for food or the 
processing of food. By definition, these products will not have harmful effects for human 
beings. Common edible oils and fats are palm, soya, sunflower, canola, fish oil, butter, edible 
fats from animals and many more products extracted from plants and animals. 

5.2.1.2  Lipids which are not edible 

 
Feed stock for biodiesel production could come from various sources classified as non- 
edible lipids. The seeds from which the oil is extracted could be poisonous, such as castor 
oil or jatropha; the oil by convention such as algae or many other oils extracted from plants 
are not used for foods, or the oil or fat could not be considered edible. Examples of the last 
type of raw material for biodiesel production could be rejects from some other agricultural or 
industrial activity. Two products in this category are waste frying oil, sometimes used in 
animal feeds, and beef tallow from slaughterhouses, for which the main destination is the 
soap industry [da Cunha, 2009]. In using these products for biodiesel, an environmental 
impact aspect is added, as ‘waste’ is further processed or ‘cascaded’. 

5.2.1.2.1  Algae 

 
Photosynthetic micro-organisms, including eukaryotic algae and cyanobacteria are being 
optimized to produce numerous products of value, including biofuels [Liu, 2009]. These 
micro-organisms are efficient at converting solar energy and recycling CO2 into fuels; they 
do not compete with the food industry for starch stocks and arable land [Liu, 2010, quoting 
Dismukes, 2008]. Algae cultivation for biofuels may not be profitable by itself as will be 
outlined in this section, but can yield some additional high-value products such as 
“nutraceuticals”, fertilisers and the energy production from algal biomass “waste” [Milledge, 
2010]. 
 
The oil content of algae can be over 70%, but more common oil levels vary from 20% to 50% 
and typically 10% to 30% when grown under nutrient replete conditions [Milledge, 2010]. In 
large scale production trials yields of around 20% were obtained, meaning that up to 80% of 
the organism is available as “waste” biomass.  
 
Although there are many factors influencing the yield of oil from algae, it has the potential to 
produce 10 – 30 times what the best oil crops in America will produce without using  
valuable food crop land. Many estimates are available as to the yield of a particular crop for 
biofuel production, for example some figures quoted in The New York Times: ” Algae could 
yield more than 2 000 gallons of fuel per acre of production each year, compared with 650 
gallons for palm trees, 450 gallons for sugar cane and 250 gallons per acre per year for corn 
(maize)” [Mouawad, 2009]. The latest information on yields from certain algae strains project 
a yield 60 times higher than that of soybeans, approximately 15 times more than jatropha 
and 5 times more than oil palm per acre of land on an annual basis [US DOE, 2010, quoting 
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Rodolfi, 2009]. These yields have not been attained commercially as yet, due to what is 
ascribed to be the realities of engineering [Voosen, 2011]. 
 
Multi-national oil companies like Shell Oil and ExxonMobil Corp are investing heavily in 
research and development to make commercially viable fuels from this resource, with Exxon 
dedicating $600 million for the period 2009 – 2014 [Bergin, 2009]. The ExxonMobil research 
identifies three critical steps: identifying algae streams that can produce suitable types of oil 
quickly and at low costs, determining the best way to grow the algae and developing 
systems to harvest enough for commercial purposes [Biofuels-news, 2009 (July 16)]. 
Furthermore, distribution and use of the product should be compatible with existing 
transportation infrastructure [Mouawad, 2009]. 
 
There is proactive support for research on algae and its potential as a source of (algal) oil for 
the production of biodiesel in many countries. This support and research are founded on the 
comparatively high yield of algae with lipid contents of more than 50% of their ash-dry weight 
for certain strains [US DOE, 2010]. Non-productive, non-arable land can be used as well as 
a wide variety of water sources such as fresh-, brackish-, saline-, marine and waste water 
respectively. Fourthly, apart from biofuels, other valuable co-products can be produced from 
algae. A fifth consideration is the potential recycling of CO2 and other nutrient waste 
streams. 
 
 It seems that the biggest problem to facilitate lipid recovery from algae and for that matter 
from cyanobacteria, is to disrupt the cell envelope [Liu, 2009]. Some methods are sonication, 
French press, bead-beater and lyophilization, also techniques using solvents [Liu, 2009 
quoting Seog, 1998]. For the alga Botryococcus braunii, in addition to solvents, the bead-
beater yielded an extraction 1,96 times more efficient which suggested the cell walls were 
damaged and gave a higher extraction of lipids. Alternative cell breaking methods are pulsed 
electric fields and hydrolytic enzymes [Liu, 2009]. Reseach is also directed towards an 
enzyme cocktail and developing a strategy to extract both the lipid shell of the algae and the 
cytoplasmic contents [Cattermole, 2010]. 
 
Lipid recovery from micro-algae is complicated by the fact that it grows as dilute acqueous 
suspensions [Levine, 2010]. Extraction techniques such as a non-destructive oil extraction 
process capable of continuously removing oil from living algal cultures as well as honing 
other extraction techniques are being investigated, but are not at the commercial stage as 
yet [Higgins, 2009]. In another pilot plant facility in operation since 2007, it is claimed that 
high-oil producing algae selected by microbial biology are cultivated in seawater on non-
arable land and harvested in an energy-efficient cost-effective manner [Appelgren, 2009]. 
Yet another pilot plant utilises “algae grazers” such as filter – feeding fish species and a 
variety of other aquatic herbivores to harvest the algae. These creatures are in turn 
harvested for their oils as natural food chains being turned into productive systems 
[LiveFuels, 2009]. A fourth project aims at harvesting many species of naturally occurring 
algae in rivers in the Chesapeake Bay area in the U.S. utilising an aquatic filter developed by 
the Smithsonian Institute in a polyculture mode. Secondly, this project is designed not to 
compete with either fresh water supplies or agricultural resources. The Norwegian company 
Statoil,  invested $3 million during October 2009 in the Chesapeake Algae Project (ChAP) in 
Virginia, U.S., for some seven U.S. universities and research institutions to do the research 
[Biofuels news, 2009 (October 12)]. 
 
Whereas oleaginous algae have the ability to produce substantial amounts of 
triacylglycerides as a storage lipid, the extraction techniques are costly and energy intensive. 
The algae can be grown in simple open systems or closed systems known as bioreactors. 
Algae grown in open saline ponds in a project at Murdoch University, Perth, Australia, has 
been reported to yield oil at a cost $4/kg compared to open pond costs for marine algae in 
Israel at $2,80/kg [Milledge, 2010]. The cost is orders of magnitude higher than those for 
traditional biofuels and it was concluded that current cultivation costs can only justify 
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extraction of high-value niche components [Milledge, 2010, quoting Bruton, 2009]. On a 
similar note the cost of producing dry algal biomass in a tubular reactor has been given as 
US $32,16 per kg, suggesting that oil from this source will be equivalent to crude oil at $800 
per barrel or US$5 per litre. The cost reported by Solix Biofuels for their technology 
amounted to US$8 per litre (over US$30 per gallon) [Milledge, 2010, quoting Kanellos, 
2009]. 
 
Based on information generated in the U.S. Department of Energy Ofice for Fuel 
Development Aquatic Species Program (ASP) conducted from 1978 to 1996  
[Sheehan,1998], a Greenhouse gases Regulated Emissions and Energy use in 
Transportation (GREET) model was developed for an open pond system [Sazdanoff, 2006]. 
The main conclusions about algae biodiesel as an altenative fuel, were that harvesting 
methods  had to be found that use less energy and secondly, strains of algae with higher 
growth rates and more resistant to adverse conditions needed to be found. There are also 
containerised algae photobioreactor systems available for algae growing and harvesting 
[Algaelink, 2008].   
 
Cyanobacteria (prokaryotes) are excellent organisms for biofuel production, as unlike algae 
their genomes are relatively easy to manipulate. In some pioneering research, instead of 
using mechanical or chemical means of breaking down cell structures to obtain lipids, the 
organism Cyanobacterium Synechocystis sp. PCC 6803 had a controllable lysis system 
induced by integrating lysis genes into the genome and placed downstream of a nickel 
inducible signal transduction system [Liu, 2009]. A programmed autolysis will avoid the 
energy requirements or environmental hazards involved in biofuel recovery from 
cyanobacterial biomass.  
 
The mutant strain Synechocystis sp PCC 6803  has been shown to produce C10 – C18 and 
secrete them at an efficiency of ~12 mg/l of culture at a cell density of 150 million cells/ml 
(0,23 g of dry weight per litre) in the laboratory. A fifth generation strain SD249 theoretically 
after scale-up can produce 6 500 US gallons of biodiesel after transesterification per acre of 
culture 20 cm deep and cell density 150 million cells/ml over a year [Liu, 2010]. This is 
equivalent to a production of 6 500 US gallons/acre/year or 16 055 US gallons/ha/year (60 
848 litre/ha/year) [Liu, 2010]. Such yield is ten times that calculated for oil palm at 5 950 
l/ha/year and 136 times that of soy beans as presented in Table 5.8 on oil seed yields in 
section 5.5.1.1 in this chapter [Steenblik, 2006]. 
 
A distinction can be made between macro-algae production and micro-algae production. 
Typically macro-algae (seaweeds) are cultivated at sea, mainly by tying them to anchored 
floating lines where they are already provided with all the water they need in a process 
called mariculture or sea cultivation, in contrast to freshwater aquaculture [Radulovich, 
2008]. The oceans are the largest active carbon sink on the planet, covering more than 70 
percent of its surface and receive a larger proportion of the world’s sunshine with land being 
more scarce in the tropical and subtropical belt. To agriculturalists the oceans are vast and 
underused fields well provided with sunlight and water. Seaweed production is 8 million 
tonnes per year, yielding large amounts of carbon-neutral biomass and also some other 
compounds. It has been calculated that three percent of the world’s oceans – that is about 
20 percent of the land currently used in agriculture – would be needed to fully substitute for 
fossil fuels. A small fraction of that sea area would be enough to fully substitute for biofuel 
production on land [Radulovich, 2008]. 
 
Micro-algae are grown commercially, as for example outdoors in open ponds and it is 
reported that cell density will typically range from 0,5 to 2 g dry biomass per litre and 
productivity will be 10 to 40 g/m²-day. If thin-plate photobioreactors are used, the biomass 
densities can increase to 5 – 200 g/l. The dewatering and drying of the algae are energy and 
cost-intensive processes and when coupled to solvent extraction with hexane, the process 
energy to be accounted for, is over 90% [Levine, 2010]. The 2011 take on the economics of 

Stellenbosch University http://scholar.sun.ac.za



82 
 

algae technology for biofuels is that it is a negative rate of return proposition [Sheehan, 
2011]. 
 
Assuming that algae can be grown on limited areas of land or water and that the techniques 
involving their production, fixation of CO2 and harvesting are technically feasible and 
economically viable, the conversion process from algae oil to biodiesel has to be addressed. 
As discussed in Chapter 6, the process route for conversion is influenced by the amount of 
water and free fatty acids present in the algae oil. Typically, algae oil has a free fatty acid 
content from 20% to 50%, which means for some of the potential process routes unwanted 
by-products such as soap will be formed [McNeff, 2008].  
 
If the technology roadmap for algal biofuels is then examined, process steps can be 
identified for the principal variables that have not been quantified as yet. These variables are 
feed stock, conversion and infrastructure respectively. For each of the variables there are 
then a number of process steps which need to be researched [Ferrell, 2010]. For feed stock, 
the main process steps to populate a roadmap are algal biology, algal cultivation, harvesting 
and dewatering. In the biology step, strains have to be found and improved through different 
techniques to yield algae with the desired criteria for ‘farming’. In cultivation robust and 
stable cultures have to be developed that can be grown on a commercial scale bearing in 
mind sustainability and environmental issues. These cultures need to be harvested through 
multiple techniques if so required with capital and operating costs optimised. The main 
process steps in conversion  are extraction and fractionation of the lipids, finding process 
routes that minimise energy intensity and reduce unwanted reactions and products, but at 
the same time identify and evaluate the co-production of value-added materials from algal 
remnants. These materials could be biomass, animal or fish feeds, fertilisers, industrial 
enzymes, bioplastics or surfactants. 
 
There is a patent pending on using pulsed electric field (PEF) technology to rupture the algal 
cell walls to release the lipids, the same way as the PEF process is used in food disinfection 
and waste water processing [Kempkes, 2011]. In the process 10-30 kV/cm electric pulses 
are applied to an algal slurry for 2 to 20 microseconds. The cost of this pre-treatment 
process to release the oils from algae is estimated at $0,10/US gal compared to a cost of 
$1,75/US gal for conventional drying. 
 
Following from research on the treatment of cancer, it has been shown on a laboratory scale 
that molecules which can disrupt the burning of fats (lipids) in tumour cells can also 
encourage microscopic plant cells like algae to accumulate and even secrete fats. It is 
suggested that if commercialised, the so-called VG Energy’s technology has promise for 
biofuels produced from algae to compete with crude oil [Sheehan, 2011]. 
 
On infrastructure, distribution and utilization of algal feedstocks and products wil also 
encompass siting of algal farms with consideration of issues as diverse as energy costs, 
weather patterns and impacts, contamination and environmental effects. 
 
Judging from the amount of research and effort still required as identified in the roadmap 
which came about from a workshop at College Park, Maryland, sponsored by the U.S. 
Department of Energy, the global production of biofuels from algae on a commercial scale is 
not yet on the horizon. In South Africa, there were claims that commercial production could 
be done successfully and 40 million shares and 27 franchises were sold [Marais, 2007]. The 
company concerned received huge media cover, but was eventually liquidated [Marais, 
2007; Nel, 2007].   
 
From a more holistic point of view, the risk and benefits associated with oil producing algae 
seem to have not been assessed as yet, despite the huge effort by researchers to find 
strains and harvest their oil for biofuel production. 
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The main obstacles are despite the comparatively high potential yields of fuel from algae, 
they have a low photosynthetic efficiency and productivity [Crosti, 2009, quoting Tredici, 
2009]. Secondly, there are 30 000 known species of algae with hundreds of thousands still 
to be identified. Thirdly, it has been shown that it is difficult to maintain selected algae in 
open ponds, due to contamination and competition from other species [Sheehan et al., 
1998].  
 
Isaac Berzin, a chemical engineer who founded GreenFuels Technologies in 2001, the first 
algae-to-biofuel company, says that algae have the tremendous ability to adapt to any 
environment [Maron, 2010]. In the mean time, the strains with the highest potential for oil 
production are still being researched  and it is inevitable that with vast resources and 
budgets, attention will also be given to develop genetically modified organisms (GMO) 
similar to GMO soybeans and maize developed for disease resistance and high yields. 
 
As it is, algae have been known to grow inside smokestacks and  cooling towers and 
according to Berzin manage to hamper the tower’s function and survive a tough 
environment. With no coordinated effort to regulate algae GMO types, the fear is that algae 
being able to survive the worst toxins known to man, as GMO strains in particular, will cause 
unpredicted and uncontrollable effects. Compared to GM soybeans, maize and wheat at one 
crop per year, algae have the potential to yield one crop per day meaning that GM algae 
could survive and multiply rapidly. It may be useful to consider the following words from 
Berzin “we  live on a small planet, so it doesn’t matter if disasater comes from Africa or 
China or New York. We are all going to be affected when it happens. That’s why you need to 
go into this with your eyes open and make sure the public is informed.” 
 
In manipulating the metabolism of algae and engineering micro-algae production systems, 
new stable strains have been developed that may overcome the light saturation effect and 
have improved solar energy conversion and photosynthetic efficiency. As these strains can 
survive in open ponds for long periods, they can escape, as also strains which were 
cultivated through a process such as genetic engineering from wild strains in a 
commercialisation exercise. In escaping, also from photobioreactors (i.e. “backyard or 
cottage operations”), these strains may generate irreversible damage to water ecosystems 
[Crosti, 2009]. For this reason, recommendations by Mayfield, 2007, as quoted by Crosti, 
that transgenic algae should be grown in complete containment or in biogeographical 
isolation to reduce the risk of environmental contamination, have merit. In South Africa, as in 
Europe, there is evidence in the public domain that algae can cause animal deaths, massive 
deaths among fish, alter ecosystems such as in Hartebeespoort dam, South Africa, poison 
humans and damage the tourism industry.  
 
A mature and regulated approach to algae cultivation is necessary. There is time as the 
latest estimate from the principal group manager in bioenergy at the National Renewable 
Energy Laboratory Al Darzins is that it will still take ten years from 2010 for algae biofuel 
production to be commercial, therefore there is time to assess risks on what GM traits can 
do to the ecology [Maron, 2010]. The view that commercial biofuel production from algae is 
still more than a decade away, circa 2011, is echoed by biotech industry experts [Voosen, 
2011].  
 
In looking at the economics of algae production there is one further consideration; i.e. to 
generate algae output from another process instead of specifically producing algae for 
biofuels. Two possibilities are to have biofuels production as a by-product of wastewater 
treatment or to utilize algae for CO2 conversion. In a paper to the American Institute of 
Physics, these possibilities are stated to be the ultimate hope in solving the problem of an 
alternative liquid fuel [Wu, 2010]. 
 
Studying wastewater treatment with biofuels as a by-product, five cases were compared on 
annual operating costs involving 100 ha ponds where the emphasis was on treatment 
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(producing oil and gas or just gas) and on biofuel production (biofuel together with oil and 
gas or biofuel with gas), the fifth case being a scale-up of the biofuel with oil and gas 
production [Lundquist, 2010]. For the cases where biofuel is produced, oil would need to be 
sold at $332/barrel, decreasing to $240/barrel for a four fold increase in volume. To 
significantly effect cost reductions in the biomass harvesting process, 20 000 ha of ponds 
are needed to be developed first, together with more biological research on algae to improve 
oil productivity [Lundquist, 2010]. 
 
In another study at Nanchang University the mass culture of low priced Shuihua micro-algae 
with municipal wastewater as the cultivation media and CO2 as a gaseous fertiliser was 
done. The emission of GHG can thus be reduced and nitrogen, phosphorus and heavy 
metals can be removed from the wastewater [Wu, 2010]. 
 
As to the conversion process of wet algae, on a laboratory scale the supercritical process 
route was used to obtain conversions up to 85% of compounds in algae to biodiesel [Patil, 
2011]. This followed from work by Anitescu [Anitescu et al., 2008], that suggested that costs 
could be $0,26/US gallon compared to the cost of conventional transesterification for 
biodiesel at $0,51/US gallon. An efficiency of 85% was also obtained in the Mcgyan process 
using algae as feed stock in a fixed bed reactor with supercritical methanol and porous 
titania microspheres [Krohn, 2011]. The supercritical alcoholysis process route (SCA) and 
the  Mcgean process are,  more comprehensively discussed in Chapter 6 of this dissertation. 

5.2.1.2.2  Jatropha 

 
Physic nut (Jatropha curcas), referred to as ‘jatropha’ in this study, is a drought resistant 
plant widely present in the tropics and subtropics. It is an oil plant of the family 
Euphorbiacecae which contains about 170 species. It is a bush, with spreading branches, 
reaching 5 to 6 m height [Carioca, 2009, quoting Agropolos, 1999]. Under good conditions it 
can start to produce after two to five years and in the wild the plants can live up to 50 years. 
It is a perennial drought–resistant shrub originally from Latin America. It was imported from 
the Cape Verde islands to Lisbon and Marseilles, France, as a vegetable oil until the time of 
the increased use of petroleum. The plant has been used for soap production and traditional 
medicine, but nowadays is mostly used as a live fence [Asselbergs, 2006, quoting Heller, 
1996]. The seeds from jatropha are toxic, except for some varieties in Mexico [Tecnológico 
de Monterrey, 2008]. The toxins are thought to be phorbol esters and curcin [Sharma, 2008]. 
 
Jatropha is well adapted to growing on nutrient-poor or low potential soils as its extensive 
roots allow it to extract water and leached mineral nutrients unavailable to plants with more 
shallow roots [IRIN, 2011]. Low potential soils can be defined as “resource-poor or marginal 
agricultural lands, where inadequate or unreliable rainfall, adverse soil conditions, fertility 
and topography limit agricultural productivity and increase the risk of chronic land 
degradation” [Asselbergs, 2006, quoting Barbier, 1997]. 
 
There is the general misconception that as jatropha can grow on marginal lands, it will 
produce an acceptable amount and quality of seed. In reality, to produce an acceptable fruit 
yield, it needs sufficient light, water and nutrients. Thus, on low-nutrient and low-moisture 
soils, the fruit yield will be very low, this probably being the reason why average fruit yields 
vary from around 200 gram to 9 kg of seeds harvested per plant. The seeds contain about 
32-35% oil by weight and 47-90% of the oil can be extracted with a mechanical press 
[Asselbergs, 2006]. 
 
Although the fatty acid content and composition will vary depending on the source, an 
indication of composition for seeds collected from the Panzhihua area, Sichuan Province, 
Southwest China, is given in Table 5.3 [Lu, 2008]: 
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Table 5-3  Fatty acid content in refined jatropha oil 
 
                                                                    Composition 
                                 C14.0  C16.1  C16.0  C18.2  C18.1  C18.0  C20.0  C22.0  C26.0 
 
Sample 1                  0,13     1,18    18,97  38,36   35,28    5,60     0,13       --        0,37 
(unsaturated FFA 74,82) 
 
Sample 2                 0,04     0,79     13,98  38,38   40,16    6,45     0,17      0,03     -- 
(unsaturated FFA 79,33) 
 
 
The results on jatropha yields are not uniform for different plantations and in different parts of 
the world. In Florida, U.S., for a plantation of 900 000 plants, as much as eight times more oil 
is produced compared to India or Africa. That means that as much as 1 600 US gallons of  
biodiesel can be produced per acre compared to 200 gallons if grown in the wild. The trees 
at the Florida yields can capture four tons of carbon dioxide per acre [Padgett, 2009]. In 
Mexico, the average annual yield is 1 kg oil per tree and at a density of 2 500 trees per 
hectare, 2 500 kg can be extracted [Tecnológico de Monterey, 2008]. 
 
If three million acres (1,2 million ha) of land targeted in twelve countries (six in Africa) can be 
cultivated, within four years it can yield two million tons which according to D1 Oils, the 
promoter of the investment, and will satisfy about 18% of Europe’s expected biodiesel 
demand [Whelan, 2007]. Jatropha is seen to be a massive opportunity for investment, 
employment and development in countries such as Mozambique. For a 5 000 ha farm, $7,5 
million was used to plant jatropha, the rationale being that labour used in former tobacco 
farming can now be employed to grow jatropha [Clayton, 2010]. 
 
On the other hand Prof. August Temu, director of the Agro-Forest Research Centre in 
Kenya, is of the view that the too hasty race to invest in jatropha plantations in Africa, led to 
poor projects with sick plants producing poor yields [Williams, 2009]. In terms of climate, in 
the map in Figure 5.1 an indication is given of where jatropha can be cultivated under 
optimum conditions in Africa. In fact, it is said that 25% of the 29 million square kilometres 
available in Africa, are suitable for the cultivation of jatropha [Parsons, 2007]. 
 
Prof. Temu is not alone in his observations and it has been reported that many farmers in 
Kenya did not obtain the jatropha yields they were led to believe. Some reports suggest that 
jatropha farming may never be economically viable for Kenyan small farmers and the 
potential competition from this crop on arable land, water, nutrients, labour and livelihood 
activities such as livestock grazing and food production has not been resolved as yet 
[Hunsberger, 2010].   
 
As for other crops cultivated as a mono-cultivation crop, jatropha will have an influence on 
the biodiversity of the area where the plantations are established. In Kenya where some 50 
000 ha of the Dakatcha woodland in Trust near Malindi Town is being set aside for a 
jatropha project, environmental groups are resisting the implementation as breeding grounds 
for rare and native birds will be destroyed [Biofuels-news, 2010 (June 22)]. The executive 
director of Nature Kenya, Paul Matiku is quoted to say that “Nature Kenya opposed the 
growing of the plant because this plant is poisonous and likely to produce more greenhouse 
gases.” The bigger problem is that the production process being envisaged will result in the 
emission of between 2,5 and 6 times more greenhouse gases than using fossil fuels, largely 
in clearing the forest  [IRIN, 2011]. 
 
For the Dakatcha project a life cycle assessment of greenhouse gases revealed that the 
current and 2017 European Commission targets will not be achieved with the known and 
assumed yields [Mortimer, 2011]. Based on the best interpretations, only if abandoned 
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agricultural land is used, the targets can be achieved. There is also doubt on yields of 11,9 
tonnes/ha.a with irrigation, as an annualised yield of 2,38 tonnes/ha.a dried jatropha is more 
realistic, taking into account that 81 kg Nitrogen/ha.a will have to be applied and, if 950 
mm/a water is used as irrigation, for a total water requirement of 2 000 mm/a. These default 
values were derived from summarising the work done by a number of other researchers and 
the compilation of a workbook on key parameters and default values on Indian jatropha 
cultivation [Mortimer, 2011]. It was also said that jatropha cultivation is banned in South 
Africa because it is considered to be an invasive plant and found to be poisonous to 
humans. The National Industrial Biofuels Strategy discussed in Chapter 4 in this study, 
confirms this position on jatropha in South Africa. Also, a similar position emerges as to the 
area suitable for cultivation, compared to some other potential biodiesel feed stocks 
discussed in Chapter 5. 
 
    

                                   
. 
Figure 5.1  Preferred areas in Africa for Jatropha cultivation [Agrojava, 2008] 

 
Jatropha and castor beans, both from the same family, are often seen to be the vegetation to 
be grown on marginal land for biofuel production, an example being Ethopia where these 
two species together with palm  are earmarked to be established on 500 000 hectares. The 
idea is to reduce this land-locked country’s dependency on imported oil [Reuters, 2009]. To 
be noted is that the meal from both jatropha and castor oil contain toxic substances, except 
for the jatropha located in some provinces in Mexico in the state of Nuevo Leon. 
 
A jatropha hybrid will be the source of oil in a project in Indonesia where it is planned to bring 
about 10 000 ha of marginal land into cropping. The London based investment firm Aston 
Lloyd will be leasing the land and sell a right for income on 1,2 ha units, a thought being that 
for every 10 000 ha sold some 33 000 new local jobs are created. The Indonesian 
government aims to have some 1,5 million hectares of land under cultivation of jatropha by 
the end of 2010 [Biofuel-news, 2010 (March 30)]. It is thought that about 250 000 acres of 
jatropha is under cultivation in India, with China having an area under cultivation bigger by a 
factor of 100 [Whelan, 2007]. 
 
A 2010 Food and Agricultural Organisation (FAO) of the United Nations report estimates that 
12,8 million hectares will be planted with jatropha by 2015. Indonesia will have the largest 
area planted in Asia, Ghana and Madagascar in Africa, and Brazil in the Americas [Geiver, 
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2010 (Aug 3)]. This compares with the estimate that 900 000 hectares were planted with 
jatropha in 2008, with 760 000 planted in Asia, 120 000 hectares in Africa and 20 000 
hectares in Latin America respectively [IRIN, 2011].  
 
In a study by the ‘Expertise Centrum voor Duurzame Ontwikkeling’ (EDCO) of the University 
of Amsterdam, the Netherlands, the possibilities of cultivating Jatropha curcas in Cambodia 
were evaluated [Asselbergs, 2006]. A very useful contribution by this study, in the overall 
context of sustainability, was that it provided a clear definition in the form of  dimensions, not 
only for jatropha, but in general. The relevant dimensions are: 
 
“ 

1. The ecological dimension. The effects a development can have on the environment 
should always be considered. This can include deforestation, degradation of land and 
decrease of biodiversity, but also improper use of toxic chemicals and pollution due 
to transport. 

2. The social dimension. Developments should decrease social problems, such as 
poverty, (gender) inequality, unemployment and bad employment circumstances. 

3. The economic dimension. First, the development should generate sufficient income 
in order for it to be economically viable. Second, it should have positive effects on the 
economic development of the area. 

4. The political-institutional dimension. Developments can contribute to improving the 
stability of political and institutional conditions. 

5. The North-South dimension. Developments should decrease the gap between ‘North’ 
and ‘South’ (rich and poor countries). This gap is for a large part still a remnant of the 
‘colonial’ trade system, whereby the South mostly provides ‘low grade’ raw materials 
and the North refines these into ‘high grade’ products and consumes them. In such 
relationship, most economic development will remain in the North. 

6. The time dimension. The solution that the development provides should give a long 
term solution to problems.” 

                                                                                                                                        
Although these dimensions were used to look at jatropha in Cambodia, the dimensions are 
universally applicable  and projects to be evaluated can be placed in three broad categories, 
representing scenarios for biofuel production on a national, plantation and community scale 
respectively. The same study reports that the production of vegetable oil from jatropha 
comprises the harvesting of fruits, drying, cleaning and extracting the oil, then filtering and 
packaging it. If biodiesel is produced, the process routes discussed in Chapter 6 are 
followed. 

 
On the ecological dimension for jatropha, in a study that covered 10 biofuel types and 31 
feed stocks, a comparative analysis with the use of fossil fuels was done for energy and 
greenhouse gas effects on a normalised one hectare of land per year. For shrubland the 
tonnes saved CO2 equivalent was 2,5 tonnes compared to an increase of 2,3 tonnes CO2 
from fossil fuels. On degraded land, the amount of CO2equivalent saved varied between 1,5 
tonnes and 7 tonnes [Bringezu, 2009, quoting Reinhardt et al, 2008]. 

 
Jatropha is a controversial crop as its potential benefits and risks to the environment have 
not been assessed as yet. In contrast to other crops such as soybeans and canola, as of 
2010 the U.S. EPA has not initiated any assessment of the lifecycle impacts of producing 
biofuel from jatropha oil [Geiver, 2010]. In a special report FAO states that the increasing 
investments in jatropha have been based on little evidence on yields and these have to 
improve significantly for the crop to give adequate returns. It also suggests that on degraded 
land, better returns are possible for sugar cane and oil palm. The FAO report followed two 
weeks after a report from the University of Leuven in Belgium that said jatropha was best 
suited for small-scale farming in remote areas and that the crop requires more water than  
had been thought [Jagannathan, 2010]. 
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Argentinian research found that the maximum potential yield for jatropha will only be after 
the sixth year from planting Furthermore, the plant has a high frost sensitivity and has no 
fruit if the rainfall is less than 440 mm per year [Carballo, 2009]. India, with an area of about 
300 000 ha under jatropha cultivation, is also the current world leader on research and 
development for this oil-bearing tree. It has been found that there is a mismatch between 
agro-economic results for field data and experimental station results.  In field trials only 750 
kg/ha can be obtained under irrigation, compared to 7 500 kg/ha, whereas for rainfed plots 
450 kg/ha compare to 2 500 kg/ha, in both cases for three year old plants. In field trials all 
cases yielded negative net returns and jatropha is no longer seen as a miracle crop [Ariza-
Montobbio, 2010].  
 
A study by the Research Council of Norway (RCN) found that jatropha can grow in soils and 
climates poorly suited for cultivating edible crops and has major potential for future large-
scale biodiesel production. Dr. Thunes of the RCN however asserts that “ Jatropha has 
undoubtedly been over-hyped somewhat in recent years” , it is a hardy tree that thrives in in 
hot dry climates  “but it is not as invincible as some people have trumpeted” [Amundsen, 
2011]. The study came about because of a Stavanger – Norway based company secured 
the rights to cultivate jatropha in Ghana on a tract of land nearly twice the size of 
Luxembourg and the study also encompassed field trials in Niger.   

 
In producing biodiesel, cognisance has to be taken of the fact that jatropha oil can contain 
about 14% of free fatty acid (FFA) which will be converted into soap if alkaline 
transesterification is practised, with the resultant stability and emulsification problems. It is 
necessary that a pre-treatment step be introduced such as esterification using concentrated 
sulphuric acid as a catalyst, or use the supercritical or enzymatic process routes. No 
references on using the latter two routes could be found, but if acid catalysis is followed, the 
FFA has to be reduced to less than 1% by pre-treatment with methanol at 0,28 v/v using 
H2SO4 as a catalyst at 1,43% v/v with a reaction time of 88 minutes at 60ºC. The feed stock 
has to have a low water content as the esterification process, which is reversible, could be 
hindered by the effective dilution of sulphuric acid [Lu, 2010]. 

 
After pre-treatment, for the product the alkali-catalysis is done, (with KOH at 3.5+acid value, 
w/v KOH) with methanol at 0,16 v/v and reaction time 24 minutes at 60ºC. Using quadratic 
polynomial models in 21 experiments, the optimum was found giving a yield of 99% biodiesel 
meeting specification [Timari, 2006]. The same two step process either using sulphuric acid 
or calcined metatitanic acid on 14 mg-KOH/gram of oil  with a 2 hour reaction time and 70 ºC 
under the condition of 12%wt methanol, and 1% H2SO4 for pre–treatment,  or in the case of 
the solid acid at 90ºC and 2 hours with a molar ratio of methanol to FFA at 20:1, was also 
done. Important was that phospholipids were eliminated so that degumming was not 
necessary. In transesterification at 64ºC and 20 minutes with a molar ratio of 6:1 methanol to 
oil, the yield was higher than 98% [Lu , 2008]. 
 
Jatropha oil has to be recovered from the seeds for it to be used as biodiesel feed stock. A 
satisfactory grade of jatropha oil is obtained through cold pressing [Adriaans, 2006]. 
Reasons why solvent extraction is not recommended to recover jatropha oil are given in the 
section on solvent extraction of oil seeds, some of the considerations being the amount of 
jatropha seeds available, proximity to markets and the quality of labour. It is noted that with 
cold pressing an oil content of less than 5% in the oil seed cake is difficult to achieve. 
 

5.2.1.2.3  Castor oil 

 
Castor oil is obtained from expressing or extracting the oil from the plant Ricinus communis 
of the family Eurphorbiacae and, as an item of commerce, was known to antiquity [Ogunniyi, 
2006]. Castor oil was already used as lamp oil some 6 000 years ago [Cyberlipid, 2008]. The 
seed was even found in the great Egyptian pyramids by the side of the pharaohs [Comar, 
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2004]. It is popularly known as castor bean, castor oil  plant, liqerilla, mamona, mamoeira 
and Palma Christi because of the shape of the leaves [Canoira, 2010]. Greek travellers 
noted the use of castor oil seed oil for lighting and body ointments in Roman times 
[Agrojava, 2008]. 
 
More modern uses of castor oil include its use as a lubricant in high performance engines 
and the production of sebacic acid which is a feed stock for nylon production. In China the 
Suzhou Hipro Polymers Co. Ltd is using castor oil as the starting material for its production 
of long chain nylon products like nylon 6/10, 10/10 and 10/12. Some applications include 
backsheets for photovoltaic solar panels, electronics components and slewing ring parts for 
wind turbines, the company’s 2012 production capacity planned to be 15 000 tonnes/year 
[Ying Sun, 2011].  
 
The plant is indigenous to Africa and grows in the wild in most tropical and sub-tropical 
countries. Castor is a tree or a shrub than can grow more than 10 m high. It requires a 
temperature between 20ºC and 26ºC, can tolerate varying weather conditions and low 
humidity. The castor plant is versatile in terms of requirements for soil types and climate [de 
Oliviera, 2005]. It needs regular rainfall at the beginning of its growth cycle, and dry periods 
during the maturing of its fruit. The oil yield is 30 – 36% of the seed’s mass. Harvesting 
castor oil seed is fairly complex and requires a large amount of manual labour. This is done 
by selectively cutting the ripe fruit which then have a humidity of about 45% and removing 
the capsules [Azócar, 2010]. The seeds are poisonous to humans and animals because it 
contains ricin, ricimine and certain allergens. If the oil is extracted, the seed cake is not 
suitable as animal feed. As a non-edible oil its increased cultivation, in especially developing 
countries, can free up some edible oils for human consumption, in preference to the latter 
oils being used for industrial purposes. 
 
Castor oil is an extremely useful starting material for many products because of its high 
content of ricinoleic acid and the three points of functionality existing in the molecule. The 
three points are the carboxyl group which can provide a wide range of esterifications; 
secondly, the single point of unsaturation which can be altered by hydrogenation or 
epoxidation or vulcanization; thirdly, the hydroxyl group which can be acetylated or 
alkoxylated or may be removed by dehydration to increase the unsaturation and provide a 
semi-drying oil. The presence of hydroxyl groups and double bonds makes the oil suitable 
for many chemical reactions and chemical modifications, the main ester being the 12-
hydroxy-9-octadecanoic acid (ricinoleic acid) derivative [Ogunniyi, 2006]. Compared to other 
feed stocks for biodiesel production, the presence of the hydroxyl group increases the 
solubility of the ethyl esters, if ethanol is used as the reagent, in the oil phase, and as a 
result the reaction speed and conversion rate are increased in transesterification [Santana, 
2009]. 
 
The ricinoleic acid component of castor oil is generally over 89% of the fatty acids in the oil. 
Other fatty acids present are linoleic (4,2%), oleic (3,0%), stearic (1%), palmitic (1%), 
dihydroxistearic acid (0,7%), linolenic (0,3%), and eicosanoic acid (0,3%). Unusual for a 
vegetable oil, castor oil is viscous, due to the hydrogen bonding of its hydroxyl groups. It is 
soluble in alcohols in any proportion, but it has only limited solubility in aliphatic petroleum 
solvents. For the extraction of castor oil heptane instead of hexane is used, as castor oil is 
not freely miscible with hydrocarbons except solvents at elevated temperatures [Adriaans, 
2006]. 
 
The extraction process used to obtain castor oil has a bearing on some of its characteristics. 
If cold-pressed, it has a specific gravity (S.G.) of 0,962-0,963; an acid value of 3, an Iodine 
value of 82-88 and a saponification value of 179 - 185. If solvent extracted, it has a S.G. of 
0,957 - 0,963; an acid value of 10; an Iodine value of 80 - 88 and a saponification value of 
177-182 [Ogunniyi, 2006]. In practice, mechanical expression and solvent extraction can be 
used to extract the oil or a combination of the two processes. Mechanical pressing only 
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removes about 45% of the oil. The miscibility of castor oil with methanol and ethanol makes 
it an attractive feed stock in transesterification to biodiesel [Barnes, 2008]. 
 
The world production of castor beans is about 1,3 million tonnes, thus castor oil has a 
production volume of some 550 000 tonnes [Azócar, 2010]; the biggest producer being India 
with about 300 000 tonnes of castor oil; then China at about 100 000 tonnes. Castor bean in 
Northeast Brazil is traditionally cultivated in certain semi-arid regions near the São Francisco 
river for export using family agriculture, the quantity on average being 138 000 tonnes 
[Carioca, 2009]. The Brazilian figure for castor oil productivity is 470 kg/ha with an energy 
balance equivalent to that of alcohol, in this case ethanol. The oil content of the castor bean 
varies from 45% to 50% [Santana, 2009]. As with other plants, the fertility of the soil and the 
availability of water influence production, which can vary from 1 500 to 5 000 kg/ha [Comar, 
2004]. 
 
An Israeli based company Evogene Limited has been developing high yielding castor oil 
varieties that can be mechanically harvested with the aim to produce cost efficient harvests 
on semi-arid lands in southern U.S. and northeastern Brazil. The aim is to have crop yields 
of four to five tonnes/ha in these semi-arid areas where the land cannot sustain food 
producing crops [Voegele, 2010]. For the biodiesel produced using the castor beans 
cultivated on these semi-arid lands, it was shown through Life Cycle Analysis (LCA), that 
greenhouse gas (GHG) emissions were reduced by 90% in the U.S. and more than 75% in 
Brazil, compared to fossil diesel. It is also claimed that GHG savings were of the order of 
43% compared to soybean based biodiesel produced in the U.S. [Evogene, 2010, quoting 
Symbiotec Engineering]. Evogene aims for a biodiesel price equivalent to $45/barrel of oil. 
From an agricultural point of view for the Mississippi State, soy beans yield about 50 – 60 
US gallons of oil per acre and castor beans about 141 gallons per acre [Laws, 2006]. 
 
If castor beans have to be evaluated as a feed stock for biodiesel production, an issue is the 
presence of the toxic protein ricin (RCA60) and toxic ricin agglutinin allergen that makes the 
castor cake or meal unsuitable as an animal feed compared to soybeans. There are 
methods available to detoxify the cake including treatment with ammonia, caustic soda, lime 
or heat or a practice carried out in Nigeria where spore-forming bacteria of the genus 
bacillus is used in a fermentation process [Ogunniyi, 2006]. It is suggested that integrating 
hot pressing into producing industrial castor oil will increase the yield and result in the meal 
being free of ricin [Barnes, 2008]. 
 
Suggested as a replacement for castor oil because of the toxicity of ricin, is Lesquerella 
(Lesquerella spp) of which about 100 known species exist. The species of interest for 
commercial purposes is Lesquerella fendleri containing 6 to 25 seeds per plant in pods. 
Yields are 1 000 to 1 350 kg/ha with oil content of 25 to 35% of which the major constituent 
is the hydroxyl fatty acid lesquerolic acid at 55 - 65%. The seed contains 3 - 7% 
glucosinolates which must be deactivated for livestock feeding purposes [Walsh, 2007]. 
Lesquerella can be considered for biodiesel production, the cost of production of the seed in 
2007 being $300 to $350/acre [Walsh, 2007]. 
 
Based on emergy evaluation techniques, which assess environmental and economic 
sustainability based on the total amount of natural and human resources used to make a 
product, castor bean production is a sustainable, yet weak source of biodiesel. Presently, it 
competes poorly with fossil fuels that have higher emergy yield ratios (6,0 compared to 1,70 
for Brazil and 2,27 for the U.S.). [Comar, 2004] It may be illuminating to use this technique to 
evaluate other agricultural feed stocks for biodiesel production.  
 
The conversion of castor oil to biodiesel follows the same path as other vegetable oils. 
Bearing in mind the particular advantages in Brazil where castor oil is produced in the semi- 
arid areas in the northeast as a cash crop and the volumes of ethanol available as a 
renewable energy carrier, the transesterification of castor oil was compared to that of 
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soybean oil, the most common feed stock in the United States. As is mentioned in Chapter 6 
where alcohols are discussed as reactants,  a Taguchi experimental design comparing 
castor oil, using ethyl alcohol and NaOH with subsequent process optimization, yielded the 
results depicted in Table 5-4 [de Oliviera, 2005]: 
 
Table 5-4  Comparison of empirically calculated conversions for castor oil and 
soybean oil using ethanol as reactant and NaOH as catalyst 
 
Feed stock  Temperature   Catalyst concen-  Oil-to-ethanol  Reaction  Predicted  
                              (ºC)          tration (w/w %)      molar ratio     time (hr)  conversion 
----------------------------------------------------------------------------------------------------------------- 
 
Castor oil            70                   0,5                        1:3                      3            95,4 (96,2) 
Refined soy-       30                   0,5                        1:9                      1            93,4 (94,6) 
bean oil 
Degummed        70                    0,5                        1:9                      3            99   (93,0) 
soybean oil 
 
 
If catalyst concentration using sodium ethoxide, molar ratios of ethanol and oil and 
temperatures are varied, it was found by other researchers that temperature does not 
influence the reaction as castor oil is soluble in ethanol at room temperature, but high molar 
ratios and catalyst concentration up to 1,3 wt% have a positive effect on yield at more than 
93,78% [de Lima da Silva, 2006]. In another simulation, using ethanol and NaOH an ethanol-
castor oil of 12:1 was adopted and a conversion of close to 100% was claimed.  The reaction 
was  a first order reaction and the activation energy was 70 635,74 J/mol [Santana, 2009].  
 
In the base catalysed transesterification of other vegetable oils and animal fats a very 
common oil to alcohol molar ratio is 1:6, which differs from the values quoted above. Also if 
methanol is used, it associates with the FAME of castor oil through the methyl ricinoleate by 
hydrogen bonding [Canoira, 2010]. The same researchers found that with 2% sodium 
methoxide soap was formed, more so with increases in temperature. The hygroscopic 
properties of castor oil could also interfere with the transesterification reaction, therefore a 
drywash purification process with magnesium silicate Magnesol D-60 at 77ºC or Amberlite 
BD-10 at room temperature is recommended [Canoira, 2010]. Pure castor oil FAME will 
have too high  a viscosity for use in internal combustion engines because of the hydrogen 
bond association of the methyl ricinoleate molecules. In Table 5-5, conversion figures on 
small scale tests are given [Canoita, 2010]. 
 
Table 5-5  Batch transesterification of castor oil with different amounts of catalyst and 
different methanol to oil ratios 
 
Variable                                                                 Conditions/results 
 
Reactor volume (l)                             50             50                50          50              50  
Castor oil volume (l)                          30              30               30          30               30 
Temperature (ºC)                              40              40               40          40               40 
Molar ratio (methanol to oil)             5:1             5:1              5:1         7.5:1          6:1 
Methanol (l)                                      6,4             6,4              6,4          9               7,7 
Sodium methoxide (l)                       1,0             0,5              2,0          1,0            1,0 
Wash                                             Dry 2%      Dry 2%        Dry 2%   Dry 2%     Dry 2%  
FAME (l)                                        25,5           25,5             17           22,5          25,0 
Yield (%)                                        85              85                57           75             83 
Wash compound                             b               c                   b             b               b 
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The results in Table 5-5, from research on batch base catalysed transesterification, are 
informative as to specify conditions for a commercial plant using castor oil as feed stock. It 
should be noted that ’b’ and ‘c’ reports on two mechanisms for “Dry wash”, the reagents 
being Magnesol (77ºC, 2-4 m/m%, stirring 30 min.) and Amberlite BD-10 (room temperature, 
10 m/m%, stirring 120 min.) respectively.    
 
With continuous transesterification it is common to use two reactors in series with removal of 
glycerol in between, thus it is expected that yields will be higher. Also, the temperature will 
be closer to 60ºC although the researchers found no obvious kinetic advantage above 50ºC 
and soap formation occurred [Canoira, 2010]. 
 
Using a CSTR of 4 m³ at 70ºC, the 12:1 molar ratio, a residence time of 30,95 minutes, 
ethanol recovery, biodiesel purification using washing (1 000 kg/h water), and glycerol 
separation on a feed stock at 1 000 kg/h, an economic assessment revealed a biodiesel cost 
of US$1,56/l at a castor oil price of US$1,157/kg (2009). This had to be compared with the 
price of commercial diesel at US$1/l which meant that castor oil had to be obtained at 
US$0,53/l to make it competitive. Also the glycerol had to be sold at US$0,36/kg [Santana, 
2009]. It should be noted that glycerol purification demands 82% of the energy needed for 
the process, a reason why biodiesel producers in many cases simply incinerate the glycerol. 
The glycerol is also more soluble in biodiesel because of the presence of the hydroxyl group 
and the glycerol separation is thus more difficult compared to other feed stocks. 

5.2.1.3  Waste frying oil 

 
Waste frying oil (also known as waste cooking oil (WCO) or used cooking oil), is generated 
from household and industrial sources and theoretically should be a huge volume of oil from 
animal or vegetable origin that is no longer fit for human consumption. This residue in many 
cases is regularly poured down the drain, resulting in problems for wastewater treatment 
plants, or it is integrated into the food chain through animal feeding, thus becoming a 
potential cause of human health problems. [Felizardo, 2006] The energy captured in the oil 
is lost and is cause for concern in terms of sustainability, the environment and the cost 
associated with food production and food security. 
 
Another major cause for concern as to the re-use of WCO, is the practice of obtaining the 
product when discarded by fryers and treating it with bleaching agents. The oil is then sold at 
reduced prices in the townships in South Africa as cooking oil. In China, this practice was 
also encountered, but the authorities declared it to be illegal and the culprits are prosecuted. 
 
From an environmental point of view, the lowest greenhouse gas emissions at the rate of 
0,05 CO2 –equivalent in kg/km are manifested when WCO is used as the source for 
biodiesel for transport [Bringezu, 2009, quoting Zah, 2007]. This is because in general waste 
materials and residuals do not require a significant energy input. By comparison biodiesel 
derived from palm-, rape- and soy oils will produce two to three times more CO2 –equivalent 
in kg/pkm than WCO. Greenhouse gas reductions of over 50% are calculated when 
compared with fossil fuels if the methanol or methane used is derived from wood [OECD, 
DG-ENV, 2008]. 
 
The comparatively beneficial effect of using WCO from an environmental point of view is 
depicted in Figure 5.2 .The information has been generated taking into consideration the 
U.S. Environmental Protection Agency (EPA) directives on using a 2005 diesel emission 
base line [Carballo, 2009]. 
 

Stellenbosch University http://scholar.sun.ac.za



93 
 

 
 

Figure 5.2  Biodiesel LCA comparison at a 2% discount rate and time period of 100 
[Carballo, 2009] 

 
One organisation that recycles WCO in the U.S.A. is Disneyland who has managed to 
reduce its petroleum consumption by 200 000 US gallons per year. In 2009 Disneyland was 
honoured with the Governor’s Environmental and Economic Leadership Award for collecting 
WCO from its restaurants and using the biodiesel produced as B99 for its attractions like 
locomotives and riverboats. 
 
It is estimated that in the United States and Canada nine and eight pounds, respectively, of 
WCO, also called yellow grease, is generated per person. If a lipid material is discarded 
through kitchen drains or somehow ends up in sewer systems and is then collected through 
a mechanism such as static settling, this compound is called brown grease. The amount of 
yellow grease collected in the European Union (EU) is 0,7-1,0 million tonnes per year 
[Jacobson, 2008]. This compares with biodiesel production of 4,89 million tonnes of biodiesel 
produced in the EU in 2006 [Ackom, 2009 (IEA Task team 39)]. Japan produces 420-560 
000 tonnes of WCO per year, but collects only 40-50 000 tonnes and produces less than 20 
000 tonnes of biodiesel from it [Ackom, 2009; Wahid, 2009].  In Egypt the annual 
consumption of vegetable oil is 1 248 000 Mt (2005) [Refaat, 2008]. The Egyptian dietary 
pattern and religious beliefs generate waste vegetable oil only from frying fish and potatoes 
and the oil is dumped into sewerage systems. In China waste oils/fats generated amount to 
approximately 5-6 million tonnes/year. As mentioned earlier, about 80% of these waste oils, 
called ‘gutter oil’, are illegally recycled into the market through simple processing, leading to 
health risks [Chen, 2006]. For South Africa, a potential biodiesel producer estimated that 
about 360 million litres of wasted vegetable oil are generated per year [Nyiri, 2009; as 
quoted in Business Report]. Also imported WCO costs 50c to 75c less than buying it locally. 
 
Unlike virgin or fresh vegetable oil earmarked for biodiesel, which for a particular biodiesel 
production plant could even be made available from a single oil extraction facility, WCO 
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composition could differ for every collection point. The oil for frying will be selected on price, 
and to a lesser extent properties such as saturation, storage stability and perhaps cloud 
point or flash point. Secondly, the oils could be exposed to varying degrees of use in terms 
of temperature, time and oil changes, resulting in the variability of composition and 
properties when delivered for biodiesel production [Knothe, 2009]. During the frying process, 
these oils undergo degradation by hydrolytic and oxidative reactions resulting in changes in 
their physical properties and chemical compositions. An increase in the saturation level of 
the oils during cooking use was observed and hydrogenation occurred [Knothe, 2009]. 
Isomerization of double bonds and partial polymerization and degradation of triglycerides are 
observed [ Çayli, 2008]. As the viscosity and the acidity of the oil increase; the oil becomes 
darker and develops an unpleasant odour. 
 
In analysing 25 samples from restaurants in Peoria, IL., U.S., it was found that the average 
acid value increased by 4,02 mg KOH/g with a standard deviation of 3,60 with the 
percentage of acid varying from 0 to 0,41 before use, compared to the percentage acid of 
0,13 to 4,57 after use. Similarly, the dynamic viscosity showed a change of 7,46 cP with a 
standard deviation of 3,23. A kinematic viscosity of 1,9-6,0 mm²/s is required to meet 
biodiesel standards and especially European based standards may not be met [Knothe, 
2009]. The free fatty acid in the WCO will determine the process route and affect the catalyst 
used as well as the possibility of undesirable side reactions in the biodiesel production 
process. An acid value of less than 1mg KOH/g of oil is recommended and all raw materials 
should anhydrous, as otherwise the yield of the reaction is reduced due to the deactivation of 
the catalyst and the formation of soaps [Felizardo, 2006]. An acid value of 2 mg KOH/g 
equates to 1% free fatty acids [Berrios, 2007]. 
 
The changes in physical and chemical properties of the WCO also have an effect on the 
quality of the aqueous components of the products after transesterification. Glycerol 
produced from WCO will have a higher level of colour and will contain odour contaminants 
as well as other minor compounds as impurities. The cost of refining and upgrading this 
glycerol will be relatively higher. Secondly, the market for the glycerol will be restricted to 
technical uses rather than food or pharmaceutical uses [Dasari, 2007]. 
 

5.2.2  Biomass 

 
Biomass is desribed to be organic matter, including residues from forestry and agriculture, 
common agricultural crops, fast growing energy crops, wood, wastes from processing food 
and wood products as well as organic municipal wastes [Dornburg, 2008]. 
 
At present, both ethanol and biodiesel production are seen to be as first generation biofuels 
products. For ethanol sugar, grains, roots and tubers are used as feed stock whereas for 
biodiesel oil seeds, with edible vegetable oils derived from oil seeds are seen to be the major 
feed stocks [OECD, 2010]. Some of the other plants from which oils can be obtained and 
have been mentioned in the documents consulted for this study, are listed in Appendix C. 
 
Currently, the tonnage of biomass used as feed stock is small for both ethanol and biodiesel 
production, but in its Agricultural Outlook the OECD predicts that in the latter years of its ten 
years prediction period of 2010-19, about seven percent of biomass based second 
generation ethanol will be produced. Similarly second generation biodiesel will only feature 
in the volume of biodiesel produced from about the year 2016. By 2019 biomass based 
biodiesel production is estimated to be about 6,5% of the total biodiesel production. This is 
illustrated in the Figure 5.3.  
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Figure 5.3  Global biodiesel production by feed stock for the period 2010 – 19.  
[Source: OECD, 2010] 

 
Biomass is used as the feed stock in the BTL process followed by FT technology in the 
production of diesel. This is described more comprehensively in section 3.2.3.4 in Chapter 3. 
 
Some remarks as to the future importance of second generation biofuels are apposite, from 
the point of departure that it is projected that 15% of biofuels used in 2020 will be derived 
from straw and crop residues rather than grain [Harrison, 2010, quoting IFPRI]. This ties in 
with a study by the Swiss Centre for Technology Assessment  stating that between 10% and 
40% of current fuel requirements could be sustainably supplied by second generation 
biofuels [Empa, 2010].  
 
Following from the remarks made on timing, processes are available which allow all kinds of 
biomass to be converted into fuel, but most of these methods are expensive and technically 
demanding. Furthermore, the Swiss study highlights the environmental aspect in looking at 
waste materials as in particular in developing countries crops grown for the production of 
biofuels will compete with crops grown for food production. This will increase the pressure on 
natural eco-systems, including the indirect effect with land use. For Switzerland, only eight 
percent of fuel required for individual mobility can come from waste products and a leading 
researcher, Rainer Zah, suggests other savings through the use of electric vehicles and 
more efficient ways to power long distance traffic. Only then the replacement potential in 
sustainable energy will be possible [Empa, 2010]. 
 
Bearing in mind that biomass has a low energy density, is bulky and expensive to transport 
because of its volume, amongst others a process has been developed at Purdue University, 
the fast-hydrolysis-hydrodeoxygenation or the H2BiOil process. The biomass is processed 
into liquid fuel in mobile plants with the hydrogen needed for the conversion derived from 
natural gas or from the biomass itself through syngas technology. It is claimed that about 
twice as much biofuel is produced compared to current technologies [Quick, 2010]. The 
process uses high pressure reactors with extremely fast heating to more than 500ºC. 
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An algae biofuel technology company OriginOil Inc. has developed a process using their 
patented Hydrogen Harvester allowing for the photosynthetic splitting of water into hydrogen 
and algae, using algae. This concept ties in with the use of solar power to produce hydrogen 
but is at present still in the research and development phase [Austin, 2010],  
 
It is clear that huge resources and research effort are being directed at second generation 
biofuels, the use of biomass for producing energy carriers and the biorefinery concept. What 
has not been addressed is the consequences of replacing first generation biofuels and the 
production of biomass on land not suitable for intensive farming and mono-culture 
cultivation. Currently, first generation biofuel production is stimulated by policy targets on 
GHG emissions and in many cases mandatory incorporation of biofuels in transportation 
fuels derived from crude oil. This in turn, stimulated the the direct and indirect expansion of 
land use for fuel crops, in many cases as a percentage of food crops. Furthermore, 
controversial issues such as the conflict between food and fuel came about. If second 
generation biofuels are successful, much arable land will become available for food 
production and food abundance may result. Such an event will generate other dynamics 
such as overproduction, changes in dietary patterns and loss of price stability for agricultural 
crops. Perhaps more environmentally friendly practices such as stimulating conservation 
areas and the biodiversity destroyed by current practices in many parts of the world are the 
other side of the coin. From an economic perspective, second generation biodiesel, bearing 
in mind that by definition it should be mono alkyl fatty acid esters, production from biomass is 
still in the research and development phase and will not further feature in this study.   
 

 5.2.2  Short Rotating Crops (SRC)  

        
      Short rotating coppice in the context of the biofuels industry, are crops harvested over more 

than one season, examples being elephant grass and switchgrass. Similarly, short rotation 
forestry production systems will be for trees such as eucalyptus in Nicaragua and willow in 
the Netherlands, where the crop rotation is typically about three to six years [Dornburg, 
2008]. A more bulky variety of grass, Miscanthus, which can grow up to 6 metres  tall, can 
also be grown exclusively for energy production and is seen as ‘a second generation bio-
energy crop’ [Taylor, 2008]. Similarly, the perennial switchgrass (Panicum virgatim L) is seen 
in the United States as a cellulose feed stock  for the biofuels industry. Switchgrass yields 8 
– 12,9 Mg/ha depending on whether it stands in upland or lowland ecotypes [Ullschleger, 
2010]. 

 
      Perennial crops have fewer environmental impacts and less intensive farming practices than 

first generation crops [Shales, 2008]. In terms of net energy balance, results should be more 
positive. Cultivating SRC should reduce nitrate leakage into water supplies, increase the 
amount of carbon sequestered in the soil, and reduce soil erosion [Taylor, 2008]. 

5.2.3  Halophytes as a source of oil 

 
Many countries, including South Africa, contain arid and semi-arid regions. Arguably these 
regions are on the increase due to climate change patterns. Secondly, supplies of good 
quality irrigation water are limited and it is quite common that the underground water 
resources in arid regions are largely brackish. 
 
Halophytes are plants that thrive under varying soil salinity conditions and may be irrigated 
with brackish water, or with a certain percent of sea water, without any major ill effects on 
growth and reproduction. 
 
Saline farming, the term associated with haline farming, is practised for example in Eritrea, 
with the halophyte salicornia. Saline farming is also not restricted to halophytes, as 
evidenced by tomato farming in the Negev desert in Israel [Fedoroff, 2010]. Elsewhere 
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(Appendix C) it is mentioned that tomato seeds can be used for biodiesel production feed 
stock if the oil contained in the seeds is extracted.   
 
Seeds of these halophytes may contain appreciable quantities of edible and non-edible oils. 
The seed oil content of five halophytes studied near Karachi in Pakistan ranged between 
22% and 25% [Weber, 2007]. Also for these five seeds, analysis showed the presence of 16 
fatty acids of which 12 were saturated and four were unsaturated fatty acids, with the 
exception of Alhaji maurorum, the amounts of unsaturated fatty acids being 65-74%. The 
other plants tested were Cressa critica, Halopyrum mucronatum, Haloxylon stocksii and 
Suaeda fruticosa. In other parts of the world studies were done on Crambe abysinnica, 
Cakile maritime (Tunisia), Salicornia europaea (Mexico, Egypt, United Arab Emirates), 
Kochia scoparia, Suaeda torreyana, Salicornia bigelovii. The oil quality of halophytic species 
is comparable with conventional edible oils such as those from sunflower and canola, but 
they could be grown with brackish water and can tolerate extremely harsh conditions 
[Weber, 2007]. 
 
The actual yield and yield potential of halophytes with potential for dedicated oil production, 
remain largely unknown because of absence of their domestication. Secondly, information 
could not be established on halophytes in South Africa, but there is no doubt that potential 
exists for studies as to their oil content and their possible use for biodiesel production. 
 

5.2.4 Qualitative remarks on other crops identified as a source of oil for biodiesel 

 
Many biomass species and other sources of lipids have been identified as sources of feed 
stock for biofuel production, and in particular biodiesel production. These range from algae 
to waste from landfills and sewage works. In the preceeding paragraphs some of these 
species were mentioned; ranging from aquatic biomass (algae) to halophytes. A world wide 
database of suitable plants and other sources for biodiesel production could not be found. 
 
Conventionally only triglycerides in seed oils are considered for biodiesel production. If the 
subject is, however, broadened to think of hydrocarbon from plants and other species, 
terpenes from plants such as Hevea brasilliensis, latex-bearing plants, resinous members of 
the Compositae family, and even plants that produce natural esters of fatty acids, such as 
the desert shrub jojoba (Simmondsia chinensis [Link Schneider]) could be considered [Klass, 
1998]. A variation on this theme is the diesel oil tree mentioned in Chapter 3. Such 
considerations lead to the concept of “gasoline and diesel plantations or petroleum 
plantation agriculture”. 
 
It is reported that hundreds of herbaceous biomass species native to North America “have 
been tested as sources of hydrocarbons as well as glycerides” [Klass, 1998]. The same 
author mentions that the U.S. Department of Agriculture has carried out extensive research 
on hundreds of indigenous, herbaceous, mesophytic type biomass species and he lists 55 
common plants from 21 plant families, the list appearing in Appendix C. 
 
A plant that is singled out by Klass is the Chinese tallow tree, Sapium sebiferum, which can 
produce an average seed yield of 12 553 kg/ha and oil yield of 5 548 kg/ha, more than ten 
times that of sunflower (Helianthus annuus) or safflower (Carthamus tinctorius). This tree is 
a member of the Euphorbiaceae family, as is castor bean and jatropha; is native to China, 
where it has been cultivated for 14 centuries as a specialty oilseed crop. It has been 
cultivated and naturalised in the South Atlantic and Gulf States of the U.S.A., but is not 
processed or harvested as a commercial crop. It was introduced to the U.S. as an 
ornamental tree in the 1700s and now grows wild in the southern coastal plains of the U.S.A. 
[Awbrey, 2007]. 
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In Australia more than 200 species/provenances have been evaluated for oil content and the 
potential of using Australian native and naturalised plant species in biodiesel production. The 
emphasis of the report was to look at species which farmers could establish and the Central 
Queensland region was targeted [Ashwath, 2010]. The species include trees, shrubs, palms, 
herbaceous species and some weedy species. It was found that although the 200 species 
targeted contained oil, not all the oils were suitable for conversion to biofuel. 
 
The study assessed more than 200 species in a systematic way as is presented in Appendix 
C. A key finding of the report was that biodiesel from one species, the Beauty leaf tree 
(Callophyllum inophyllum), which contains up to 46 percent non-edible oils, on testing met 
ASTM standards. Although it was not established that it was economically viable to cultivate 
this species for biodiesel production, it was estimated that this species can yield up to 3 800 
litres of oil per hectare after five to eight years from establishment [Ashwath, 2010]. The tree 
is known as polanga in India [Sahoo, 2007]. 
 
If the names of the species from the Australian research is compared to the names reported 
in an Indian study of 75 plant species having 30% or more oil fixed in their seed/kernel, there 
is duplication, for example, Azadirachta indica; Calophyllum inophyllum; Pongamia pinnata  
[Azam, 2005]. The Indian study focused on non-edible oils as edible oils are in short supply 
because of dietary patterns in India. A detailed analysis was done for oil content and oil 
composition for the 26 families reported on. Species such as Moringa are listed, but it was 
decided not to list the results of the study in Appendix C in this chapter as it will be useful to 
first do a desk top study to check the relevance of the information for South Africa. 
 
With respect to research on botanical species suitable for biodiesel production, it is known 
that research projects are in place at different South African universities on aspects of 
vegetable oils. As an example, the University of the Free State has received some publicity 
on their ability to establish whether or not vegetable oils have been added to olive oil in 
products claiming to contain olive oil only. It could not be established if research is taking 
place to establish a South African data base of oil bearing species suitable for biodiesel 
production. It is however stated that numerous trees in South Africa are being investigated 
for biodiesel production, with emphasis on species that have adapted to arid, sub-optimal 
conditions [Gleeson, 2009]. 
 
In a Moringa biofuels research motivation for the University of Pretoria, it is stated that in 
South Africa a multi-purpose crop is needed which will benefit several industries, hence the 
reason for doing research on Moringa oleifera (Moringa). The Department of Plant 
Production and Soil Sciences at the University of Pretoria has done work on Moringa 
propagation, cultivation practices and field trials on phonological and physiological growth 
stages and water use.  
 
In conjunction with iLembe Municipality, the horticultural department of the University of 
KwaZulu-Natal is establishing a Moringa plantation to harvest the pods for biodiesel 
production on a small scale. It is claimed that the tree is the most useful tree in the plant 
kingdom and according to ancient Ayurveda medicine can prevent about 300 diseases 
[Medley, 2011]. Other uses for the tree are found in the leaves with more vitamin A than 
carrots, more calcium than milk, more iron than spinach, more vitamin C than oranges and a 
protein quality rivalling that of milk and eggs. The rationale in looking at Moringa in this case 
is similar to looking at algae in Hawaii and Israel where other products from the tree can be 
used, the tree being called the ‘tree of life’ and ‘mother’s best friend’.  
 
Moringa oil has the highest oxidative stability of any commercially available oil of vegetable 
oil origin and is native to the Indian sub continent. It is cultivated in most semi-tropical areas 
of the world. It has less than one percent poly-unsaturation and is used as a cosmetic 
emollient [Kleiman, 2007]. It is also claimed that, depending on environmental factors, the 
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yield for Moringa seeds three years after planting at a density of 1 000 trees per hectare, will 
be 5 500 kg/ha which should yield 2 200 litres of oil per hectare [Gleeson, 2009]. 
 
If other potentially suitable species indigenous or naturalised in South Africa can be 
identified akin to the work done in Australia and no doubt in other parts of the world, the 
effort in terms of potential feed stock for biofuels production may well be useful. 
 
To a limited extent this was done in a scoping study on water use of crops and trees for 
biofuels in South Africa, done as a report to the Water Research Commission (WRC) by the 
School of Bioresources, Engineering and Environmental Hydrology, University of KwaZulu-
Natal [Jewitt, 2009]. The study identified 20 crops for biofuel production potential, of which  a 
potential 15 species can be earmarked for biodiesel production, including the three crops 
identified in the Biofuels Industrial Strategy of South Africa. The three crops also discussed 
in this chapter in this dissertation are canola, soybeans and sunflower, but the researchers 
omitted to mention maize, the oil of which  can be used, albeit the primary energy use for 
maize will be for ethanol production. The list is presented in Appendix C. 
 
In assessing potential as a crop for biofuel production, firstly, the distinction should be drawn 
between crops currently produced commercially such as canola, soya beans and sunflower 
and those crops which have been identified to have potential. On the commercial crops, 
these have been ‘domesticated’ and produced in the main for centuries; cultivars have been 
developed by organisations such as Monsanto for specific uses and circumstances; some 
cultivars have been genetically modified and their environmental impact is well known. 
 
The same level of knowledge is not available for many species mentioned for biofuel 
production. For example, crop growth and transpiration rates, nutrient requirements, rooting 
patterns, responses to dry spells are not well known. Secondly, the use of  these species 
imply mono-culture or mixed cropping systems. In identifying species in Australia, these 
were tested for the first time and it is acknowledged that the best agronomic practices, 
harvesting techniques and seed processing procedures are not yet known. [Ashwath, 2010] 
 
If the research objectives for a study on Moringa oleifera by the Department of Plant 
Production and Soil Sciences of the University of Pretoria are studied, it states that this tree 
species is still undomesticated, basic agronomic/horticultural properties are not thoroughly 
understood and its developmental seed morphology and anatomy have not been 
researched. Also only limited studies on its genetic diversity are available. Furthermore, the 
sustainability and feasibility of trees as biofuel crops, together with optimised production 
practices are either not guaranteed or available. 
 
It is clear that if a short term view on the economic feasibility of biofuel crops listed in this 
chapter or in Appendix C  is taken, it would not be prudent to  focus on the literally hundreds 
of species that may be suitable for biodiesel production. The question is: “What is 
sustainable feed stock for South Africa?” [von Blottnitz, 2007]. 
 
For South Africa, there is one further dimension on the selection of suitable species for 
biodiesel production to be considered, the potential of these crops as invasive alien species. 
In this context there are reports available, including the Convention on Biological Diversity, 
highlighting the potential impact that biofuel crops may have on natural, semi-natural and 
agricultural ecosystems [Crosti, 2009]. The apprehensions about biofuel crops stretch to 
food security, soil fertility and land clearing as well as loss of biodiversity following mono 
culture cropping systems. 
 
In particular it is not known whether a predictive model for invasive plants has been used in 
South Africa to assess whether a potential biofuel crop has invasive characteristics. If the 
Australian Weed Risk Assessment System (AWRAS) is applied, its worksheet has 49 
questions for a species on life history traits, domestication/cultivation, climate and 
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distribution, weed elsewhere, undesirable traits, plant type, reproduction, dispersal 
mechanisms, and persistence attributes. For Central Mediterranian Italy, the AWRAS model 
found that 9 out of 15 species had the potential to become invasive species [Crosti, 2009]. 
Amongst these species were Jatropha curcas with a score of 15, compared to the highest 
score of 16 for Robinia pseudoacacia and scores of 12 each for Acacia saligna, Melia 
azedarach, Helianthus tuberoses. The score of 15 should ring bells for the protagonists of 
jatropha in South Africa, as there are climate similarities, especially in the coastal areas, 
between Italy and South Africa. 
 
The dangers associated with biofuel crops as weeds or invasive species can be broadly 
enhanced by a combination or by one of the following: 
 

(a) The biofuel species invasive traits. 
Biofuel crops are selected for their efficiency in seed set and phytomass production. 
As for other invasive species they can have broad ecological amplitude, rapid growth, 
high seed production and resistance to pests and diseases and if domesticated, 
these traits will provide a pathway for biological invasions. 
 

(b) The invisibility of the agroecosystem. 
As anthropogenic manipulation of land for agricultural production has changed the 
original natural ecosystem, new or temporarily “vacant niches” such as habitat 
modification, degradation, fragmentation, misuse of chemicals, distorted water 
balance and nutrient cycle, soil tillage, and altered fire regimes are created which 
may enable the spread of alien plants such as biofuel crops [Crosti, 2009, quoting 
Hulme, 2005]. Two consequences are that propogules of crop species may escape 
from cultivation and the spread of germplasm may be spread by livestock and the 
movement of equipment and goods. Around the world, in general, most invasive alien 
species were introduced for agricultural and horticultural purposes [Crosti, 2009]. 
 

(c) The cropping system. 
As a mono culture, the sowing or planting of biofuel crops in massive quantities or as 
frequent replants or repeated introduction will increase the probability of invasion, 
also when this happens because of economic or political pressure. Secondly, the 
seed is harvested at the end of the plant’s life cycle as an annual cropping system, 
even for perennial species, and thus when the seeds are ready for further 
propagation. When they then escape through natural dispersion during storage or 
unprotected transportation, also to conversion facilities, they may well become 
invaders such as what happened in South Africa with a few weeds. Classic examples 
are the large thorn apple (Afrikaans: Grootstinkblaar) – Datura ferox L; thorn apple 
(Gewone stinkblaar) – Datura stramonium L; Spanish blackjack (knapsakkêrel) – 
Bipens bipinnata; and  Khaki bur weed (kakiebos) – Argemone pungens. 
 

(d) Agricultural subsidies and incentives. 
As examples subsidies were introduced in Europe in 2004 under the Common 
Agricultural Policy (CAP) reforms to stimulate the production of energy crops. 
Secondly, financial support for biofuel agronomic studies aiming to increase biofuel 
traits and consequent invasions of these crops can be a danger.  
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5.3  CURRENT MARKETS FOR OIL SEEDS I N SOUTH AFRICA 

 
Some marketing considerations on feed stocks and products from the oil seeds that can be 
used for biodiesel production in South Africa are more comprehensively discussed in 
sections 5.6.2 and 5.6.3 in this chapter. In this paragraph only a few issues are mentioned. 
  
South Africa is a net importer of animal or vegetable fats and oils and their derivatives. This 
fact is evidenced by considering the preliminary cumulative statements published by the 
South African Revenue Services (SARS) for the import and export of goods. In section 111 
of the harmonised system as reported by SARS, figures are provided for “Animal and 
vegetable fats & oils & their cleavage products, prepared edible fats, animal & vegetable 
waxes”.These statistics are presented in Table 5-6 [SARS, 2010]  
 
Table 5-6  Harmonised system statistics on exports and imports of section111 goods 
 
     Period                          Exports (Section 111(15))        Imports (Section 111(15)) 
                                                      Rm                                            Rm  
   -------------------------------------------------------------------------------------------------------------- 
 
Jan – Dec ’08                                1 007,33                                   6 644,62 
Jan – Dec ’09                                  919,82                                    4 620,08 
Jan – May ’08                                  338,20                                    1 909,20 
Jan – May ’10                                  469,70                                    2 324,50 
 

 
The 2010 South African rate of imports was 1,2 million tonnes of oil cake meal and 800 000 
tonnes of vegetable oils [Willemse, 2010]. During the 2005/06 marketing year the demand 
was already about 850 000 tonnes, having increased by 37,8% from to 2003 to 2006. The 
poultry feed industry is a major consumer as a standard poultry ration contains about 20% 
soya oilcake [Report 239, Trade Commission, 2008]. The animal feed industry imports 
between 75% to 80% of their needs of soya oil cake, the duty amounting to between R55 
million and R60 million per annum. 
 
If the imports of relevant products for the earlier years are studied, there is not really a 
correlation between these imports and locally produced crops, meaning that the demand is 
not determined by the crop volumes locally produced, or catering for a situation like the local 
product not available due to drought or some other natural disaster. From a study by the 
Trade Law Centre for Southern Africa (Tralac) for the National Agricultural Marketing 
Council, Table 5-7 can be compared to tables presented on production over a period for the 
crops selected for biofuel production [Wasserman, 2007]. 
 
Table 5-7  Imports of soya oilcake, palm oil and soya bean oil into South Africa 
 
Product                                       Imports (R million) 
                                 1996     1998    2000    2002     2004     2005 
 
Soya oilcake             287       357      470      946     1 061      756 
Palm oil                     219       374      321      754        789      662 
Soya bean oil                3           0       0,7        55        437      506 
 
Some of the problems associated with the position  on oilseeds are that the supporting policy 
framework is not in place to produce oil cake meal, adequate import tariffs are not in place 
and finance for crushing facilities are not encouraged. The rail transport system cannot 
service the country’s silo’s and crop storage facilities. As South Africa is also an importer of 
200 000 to 250 000 tonnes of processed poultry meats, another stimulus for oil seeds 
processing is not available [Willemse, 2010]. 
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5.4  COMMODITY PRICES, FOOD SECURITY AND ECONOMIC IMPACTS 

 
There are a number of factors influencing food production and prices of the associated 
commodities. Two of these factors are favourable weather conditions and shortages as, for 
example, experienced in the 2007-08 food crisis [Farchy, 2010]. The production of bumper 
crops are stimulated by these factors, as the predicted global production of maize (835 
million tonnes) in the 2010-11 season, the third largest ever wheat production and record 
levels of rice and oil seeds produced. This means that despite rising consumption levels, 
prices will remain relatively steady. A third factor is the swing to more industrialisation and 
more demand for livestock products using grains in feedlots, an example being China which 
could become a net importer of maize (mainly from the U.S.). Similarly China accounts for 
half the world’s soya bean trade [Farchy, 2010]. In section 5.6.2 some statistics on oil seeds 
production are provided for South Africa.  
 
Surching production has the effect of stabilising prices, if the effect of what can be termed an 
artificial stimulant, such as the use for biofuels, can be discounted. In a time of over 
production of crops such as maize or soya beans, biofuel needs can keep prices stable. As 
can be seen from Figure 5.4, prices of the main food crops are predicted to be level over the 
next five years, except if one or more artifial stimulants, like the oil price increase of the early 
seventies, appear.  

 
 
Figure 5.4  World food commodity prices [Acknowledgment FAO/OECD] 

5.5  Global production of various feed stocks for biofuels 

5.5.1  World production and consumption of oil seeds and oils from oil seeds 

 
The world production of the seven major oil seeds on which statistics are available, amounts 
to about 400 million tonnes per year [USDA, 2010]. Some 350 million tonnes of these 
oilseeds are crushed per year. The world production of the 17 most important oils and fats 
amounted to 160,47 million tonnes during 2008 [Wahid, 2009]. This compares with 137 
million tonnes for the eight most important vegetable oils [USDA, 2010]. In  Tables 5-8, 5-9 
and 5-10, information as provided by the Foreign Agricultural Service of the United States 
Department of Agriculture are presented: 
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Table 5-8 World production of major oil seeds over a 5 year period 

 
 
Table 5-9 World production of protein meals from major oil seeds and fish meal 

 
 
Table 5-10 World production of major vegetable oils 

 

 
 
To satisfy its consumption needs of an estimated 26 million tonnes, China imports more than 
9 million tonnes of edible oils annually. For palm oil alone, the demand from China and thus 
imports increased from 2 million tonnes per year in 2000 to around 6 million tonnes in 2010 
[Deutsch, 2010]. The use of edible oils to produce biodiesel is not encouraged in China [Lu, 
2008]. India imports more than 40% of its edible oil requirement and hence non-edible oils 
are used for the development of biodiesel production [Sharma, 2008]. 
 
Global palm oil consumption was forecast to rise to 23,98 million tonnes in April/September 
2010, compared to 22,50 million tonnes in the same year-ago period, the annual vegetable 
oil production being 45 million tonnes [USDA, 2010]. Indonesia is the main producer of palm 
oil at 23 million tonnes, China and India being its main markets at 70% of its output 
[Wulandari, 2010]. 
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Malaysia is the world’s second largest exporter of palm oil after Indonesia, and the industry 
is the country’s third largest export earner, with a value of US $19 billion in 2008 [Beh Lih Yi, 
2009]. Together these two countries produce 85% of the world output of palm oil. On 
October 4, 2010 the palm oil price from Malaysia was 2,650 – 2,700 ringgit per tonne, 
according to the Biofuels Digest of October 5, 2010 [Lane, 2010 (Otober 5)]. Since then, the 
palm oil price has been steadily increasing. 

5.5.1.1  Oil yields and land requirements for biodiesel feed stock 

 
To obtain a more meaningful view of the relationship between biodiesel and oleaginous 
plants from a production perspective, a projection is that global diesel consumption is 
expected to rise to 1 500 million tonnes by 2020. If sources such as algae, waste oil, and 
tallow are excluded, biodiesel as a substitute will need to come from the oil yields of 
oleaginous plants. A vast area will be required for crop production, for example 2,15 million 
square kilometres using oil palm, assuming world diesel consumption as in 2000 [Steenblik, 
2006]. 
 
For the land required for biofuels, there are some figures available for Europe, based  on the 
mandate that by 2020 ten percent of transport fuel must come from renewable sources and 
of that 70 percent from biofuels. For this target an additional 4,5 million hectares of land will 
be needed by 2020, based on the average of 15 studies done for the European 
Commission. This is an additional area about the size of Denmark [Harrison, 2010 (July 6)].  
 
If the figures provided by the European Oilseeds Alliance are studied, taking into account 
that crop rotation has to be practised, 13,5 million hectares of land will be needed, if a 10% 
target for renewable energy use in transport is considered. The area needed in 2020, the 
date determined by the Renewable Energy Directive 2009/28 (RED), will still only comprise 
4% of the total EU agricultural area. The predominant crop to be used for biodiesel 
production will still be rapeseed as can be seen from Figure 5.5 [EBB, 2010]: 
 

 
 
Figure 5.5  Evolution of EU oilseeds area indicating different crops [EBB, 2010] 
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In Table 5-11 average oil yields, land requirements and major producers of oleaginous 
plants are given. The figures are indicative for the various crops, as variables such as crop 
variety, climate, natural fertility of the soil, inputs such as pesticides and fertilisers will all 
influence yields; and the figures are based on plant technology as presently (2011) in 
existence. 
 
Table 5-11  Oil seed yields, land requirements and major producers. 
(Acknowledgment: Steenblik, 2006) 
 

 
 
There are two different categories of land quality and two different categories of climate, i.e. 
temperate and tropical climates, which will have an influence on crop yields. An OECD 
report indicates that in general yields between tropical and temperate regions do not vary 
considerably, but there could be considerable variations in yields at different locations in the 
same region [Dornburg, 2008]. This could be ascribed to the other variables mentioned 
above, management practices and issues like water availability. 
 
This means that for South Africa one cannot work on the yields presented in the table, cases 
in point for South Africa being yields for soya beans at 1,80 tonnes per hectare in 2009 
which translates to 324 kg or 360 litres of oil at 18%, similarly for sunflower using a 40% oil 
yield a figure of 1,36 tonnes/ha translates to 544 kg or 604 litres. [BFAP, 2009]. These 
figures compare to the figures of 446 litres and 952 litres of plant oil for the two oil seeds 
respectively, as presented in the table. [Steenblik, 2006] 

5.5.1.2  Oil seed, protein meal and vegetable oil prices for some major oil seed crops 

 
A number of inputs affect global oil seed prices and the two most important commodities 
resulting from the cultivation of oil seed crops, namely oil seed protein meals like soya bean 
oil cake meal or sunflower oil cake meal and the corresponding vegetable oil. For soya 
beans (soybeans) oil seed prices from the major producers, the U.S., Brazil,and Argentina, 
are quoted in US dollars (US$) as well as a Rotterdam price. Similarly, prices  are quoted 
from the main producers for sunflower, peanut, canola, rapeseed, coconut and cotton on 
either a fob basis or a Rotterdam basis. If stimulants such as droughts, flooding or some 
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other natural or human induced do not occur, these prices move together. Secondly, the 
same trends can be observed on meal prices and vegetable oil prices. There are seasonal 
changes to the relevant prices, but in general there is an upward trend if figures are studied 
in the period 1998 to 2010. Comprehensive statistics on the prices of the major oil seeds, 
meals and vegetable oils are provided in section 11.3.2 of Appendix C. 
 
As the prices of vegetable oils are particularly important in looking at the feasibility of 
biodiesel production in this study, it is useful to consider the trends in these prices. This can 
be easily observed from Figure 5.6 which shows the trends in price movements for the four 
major vegetable oils. These prices were plotted for the 40 month period from October 2007 
to January 2011. The two peaks occurring show moves in early 2008 and towards the end of 
2010. Also, it has to be taken into account that the prices computed for Figure 5.6 are 
Rotterdam prices and not fob prices from the country of origin. 
 

 
Figure 5.6 Annual average vegetable oil prices during the 40 months between October 2007 
and January 2011 [Gunstone, 2011] 

 
In the U.S. the August 2010 soybean oil price was projected to be between $0,365 and 
$0,405 per lb for the 2010-11 season, higher by an average of 2,5 US cents/lb despite 
records yields at 3,4 billion bushels for the current season. These prices equate to 
$804/tonne and $892/tonne, respectively. 
 
If the price of palm oil in 2010 is taken as an example, for two decades prior to 2008, the 
price fluctuated around US$500/tonne. During 2008 the price increased to $1000/tonne at 
the time of the food crisis which can be ascribed to events in nature. Again towards the end 
of 2010 the price of palm oil increased to $1170/tonne, 45% higher than a year ago. This 
price increase came about because of poor supplies for the other crops used for vegetable 
oil production, such as soya beans from the U.S.A., Brazil and Argentina, as well as 
rapeseed from Europe. Secondly, the product itself, such as palm oil, can go into short 
demand when its biggest producers experience supply problems, through for example, 
unusually heavy rainfall, as was the case in Malaysia and Indonesia in 2010. For South 
Africa, the prices of oils and fats increased by 22,6% in the 2010-’11 season [Landbou, 
2011] 
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A structural shift in vegetable oil prices comes about when, for example, palm oil production 
is affected by a moratorium on the commercial development of land from forests and peat 
lands as is currently the case in Indonesia. Secondly, as is the case in Argentina, the export 
price for vegetable oils, in this case soybean oil, can be changed by government policies or 
taxes imposed. 
 
The price of crude vegetable oil which as given at different locations, has to be converted to 
a price in South Africa on a free on rail (for) from a free on board (fob) price if imported 
commodities are used. The fob price is converted to a cost in freight (cif) price at the port of 
offloading by adding cost for the container in which the product is shipped (22 tonne tank 
containers), cost of insurance and freight. Documentation, finance, handling and storage, as 
welll as any duties, will be included in the for price. The South African producer price could 
be different, but from the trends on maize prices in Appendix D, it was seen that international 
prices and price trends are followed. The matter of export and import parities will be 
discussed in section 5.10 in this chapter. 
 
For a few oils, prices were reported in a preliminary study on biodiesel production variables 
and costs done as the precursor to this study. These prices are presented in Table 5-12 
[Nolte, 2006]: 
 
Table 5-12  Local costs for some imported vegetable oils in 2006 
 
                                                                           Vegetable oil 
 Cost component                              Palm oil    Soybean oil   Sunflower oil  Rapeseed oil  
--------------------------------------------------------------------------------------------------------------------------- 
Fob price (US$/tonne)                            468           502                     575                 794 
Cif price (ZAR 7.50/ US $) (R)             4 499        4 754                  5 303            6 950 
Documentation, handling etc.(R)        722,18     747,68                 802,45          966,73 

 
Local 2006 cost/tonne (R)                    5 221       5 502                  6 106             7 917 
 

 
Based on averaging prices from different sources reported on the world vegetable oil prices 
in section 11.3.2 in Appendix C and escalating costs using the consumer price index (CPI) 
for freight and other charges, an early 2010 cost for vegetable oils using a 28% increase on 
cif costs and 16% on handling and storage will be as shown in Table 5-13: 
 
Table 5-13  Local costs for some imported vegetable oil in 2010 
 
                                                                                 Vegetable oil 
 Cost component                              Palm oil      Soybean oil   Sunflower oil  Rapeseed oil 

 
Cost component 
 
Fob price (US$/tonne)                           711              841               1 036                923 
Cif price   (US$/tonne)                           910           1 076               1 326             1 181 
Cif price (ZAR 7.5/US$)                      6 825           8 070               9 945             8 857 
Local for price (R)                               7 917           9 361              11 536          10 275 
 
Note: The soybean oil price is the average for the U.S., Brazil and Argentina; sunflower from 
the U.S. and Rotterdam; palm oil from Malaysia and Canola from Rotterdam, Europe. 
 
 
If the different components of a 2006 free on board (fob) price of US$468/tonne (R3 
510/tonne) to a cost, insurance and freight (cif) price (R4 499/tonne) are examined, the two 
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biggest constituents are the cost of the container (R468/tonne) and the ocean freight 
(R109/tonne). With the world recession, it is reasonable to assume, within the accuracy of a 
budget estimate, that these costs would have remained constant noting the exchange rate 
remained the same. The current on-costs are taken to have increased by 28% as a factor on 
a higher fob cost compared to 2006. Similarly analysed, for palm oil the conversion of a cif 
price to a delivered price is R722/tonne, the biggest two components being customs duties 
at 10% and cartage/warehouse costs at 16%. For all the oils, these two factors can be 
added to arrive at local prices. Instead of assuming constant percentages as a factor, it can 
be argued that these costs should be the same in US dollar or Rands (observing currency 
conversion factors) for all the commodities. This would have resulted in a narrower price 
differential between the different oils. If the oils are shipped in bulk, the freight cost should 
reduce, but customs duties could be levied based on a rate decided by SARS. 
 
In contast, a delivered Durban price for soybeans ex local supplies was given to be R3 
550/tonne as at the end of August 2010. The same supplier quoted a price of R7 500/tonne 
for degummed soybean oil; this product being expressed by Majesty Oils in Krugersdorp, 
Gauteng, South Africa, at a plant with a monthly capacity of 6 000 tonnes. The price for 
hexane used in the extraction process is R5,50/litre delivered reef [Hugo, 2010]. 

5.6 ASSESSMENT OF THE ECONOMICS OF FEED STOCKS FOR BIODIESEL 
PRODUCTION IN SOUTH AFRICA  

5.6.1 Resources 

 
The resources required for the production of biofuels can also  defined to be the inputs in the 
general pathway. The resources discussed in this section line up with the inputs mentioned 
when considering the life cycle environmental impacts of biofuels [Bringezu, 2009]. In this 
section it is attempted to develop a more qualitative assessment for South African 
conditions. 

5.6.1.1  Land 

 
Land as a resource has many facets to its value and use and has been the subject of conflict 
and war. For agriculture the amount of land available has not changed much in the last five 
years. Deforestation and other activities connected to increasing the area for arable land for 
food and biofuels production has been offset by the loss to urbanisation, salinisation and 
desertification. It is expected that the amount of arable land will not change much in view of 
the fact that some 3 billion people will be added to the planets population by the mid 21st 
century [Federoff, 2010]. 
 
It may be a temporary phenomenon, but whereas the global expansion in agricultural land 
used to be less than 4 million hectares per year prior to 2008, in 2009 another 45 million 
hectares of land became available. According to a World Bank report, 70% of this land  
availability resulted from large scale farm land deals in Africa [Maron, 2010]. Furthermore, 
the deals were ascribed to making land available in Africa to meet the EU biofuels for 
transport target of ten percent of all transport fuels by 2020. 
 
On a practical note, it is estimated that 0,4 ha of arable land needs to be available per 
person for food production [Duvenhage, 2010]. For South Africa with 14 to 17 Mha of arable 
land available, this means that the country can feed about 35-42 million people. For the 
world, if it is assumed that there are 6 billion people, this means that about 2,4 billion ha land 
has to be available that is arable, in contrast to the 1,6 billion ha mentioned by the World 
Wildlife Fund [Roberts, 2010 (May 20), quoting Fleckenstein]. Fleckenstein and Hamelinck, 
from the consultants Ecofys, are however in close agreement on the the amount of land 
needed for biofuels at 380-450 million and 480 million ha respectively [Roberts, 2010]. This 
compares with the 508 million hectares estimated by Ravindranath et al., 2009, for biofuel 
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production at 10% of the total global fuel demand by 2030 using soy beans and maize 
[Bringezu, 2009]. 
 
There are figures available for the land required up to now for transport biofuels. For 2007 
this was estimated as 26,6 Mha or 1,7% of global cropland [Bringezu, 2009, quoting 
Ravindranath et al., 2009]. This changed to 35,7 Mha in 2008, the caution on this figure 
being that in general yields of crops are overstated [Bringezu, 2009, quoting Johnston, 
2009]. This comment is particularly relevant for South Africa, as a semi-arid country in the 
developing world, where in an earlier paragraph it was shown that yields per hectare are 
lower than those assumed in general. 
 
For Europe, in order to achieve 18,6 million tonnes of energy (toe) biofuels for the 5,75% 
target of biofuels in fossil fuels, 17 million hectares would be needed (one fifth of tillable land 
in Europe) [Russi, 2006]. It is noted that the estimate by the European Biodiesel Board is 
13,6 million hectates [EBB, 2010]. If this land has to be made available for biofuels, the 
consequences would be food imports and the substitution of food crops, the alternative 
being to import the biofuels or the feed stocks to produce them. 
 
In Chapter 2 a number of issues were addressed on food security versus energy and other 
environmental concerns related to the use of arable land. Also, Africa has been seen as the 
bread basket of the world with the potential to feed at least its own population. This is due to 
the idea that especially in the tropical regions of central Africa, with rainfall measured at over 
1 000 mm per year, the land has the potential to produce basic foods. This is not so as 
stated by Prof. Giel Laker, an emeritus professor in Soil Technology, who points out that the 
high rainfall leaches out nutrients from an eroded land which renders the soil unfertile. Also, 
the nutrients are captured in trees which, when the trees are removed, are lost [Duvenhage, 
2010]. 
 
Physical factors such as topography, soil types, climate patterns and rainfall are variables 
that need to be taken into account to decide on land suitability for crops, in addition to 
whether the land is arable. For South Africa, it is estimated that 87% of the available land is 
not suitable for crops as a result of low rainfall and low fertility. This land is only suitable for 
extensive grazing for live stock and game. Furthermore, in the past much of this land was 
ploughed, a practice which could not be sustained ecologically. Of the 13% of South Africa’s 
land that can be used for crop production, only three percent is considered as high potential 
land [Gleeson, 2009]. 
 
The surface area of South Africa is about 122 million hectares, and it is estimated that some 
14,6 million hectares are arable [Meyer, undated]. The area used for the main field crops, 
however, declined to about 4,5 million hectares and is predicted to stabilise around 4,1 
million hectares for the period up to 2014 [BFAP, 2009]. Presumably the area of about 2,5 
million hectares earmarked for development for biofuels, excludes this land [Le Roux, 2008]. 
The cost in developing underutilised land in the former homelands is estimated at R15 - R20 
000 per hectare compared to R5 – R6 000 for underutilised commercial land, according to 
the Department of Agriculture [Le Roux, 2008]. If this land is used for biofuels, the start-up 
costs will be about R50 billion and one permanent job is predicted to be created for every 
100 ha brought into production. 
 
Historically the main areas for commercial crop cultivation are indicated in Figure 5.7 
[Gbetibouo, 2005]. It is estimated that maize accounts for 70% of South Africa’s grain 
production and covers 60% of the cropping area [IRIN, 2011]. The gross production value for 
maize in the 2010-’11 season was R15,1 billion [Landbou, 2011]. Wheat and barley together, 
constitute about 15%, as measured over three seasons. In contrast, the total oilseeds crop 
produced in South Africa is on average 1,08 million tonnes per year, taken over the last five 
seasons [Van Zyl, 2010]. Sunflower contributes 63%; canola and cottonseed about 3% each, 
soybeans 22% and groundnuts 9%, respectively. 
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 Over the short term these areas are the logical areas for potential biofuels production 
because of rainfall, established farming and access to markets. Over the longer term other 
factors such as climate change, government policy  and socio-political moves may shift this 
position, giving rise to great uncertainty on land as a resource for biofuel production in South 
Africa.  
 

 
 
Figure 5.7  Spatial correlation between rainfall and main cropping areas in South 
Africa. [Source: FAO/GIEWS/2001 (Gbetibouo, 2006)] 
 
If the results obtained from a global land productivity assessment for biofuels are studied, 
even in the fourth scenario where land used for pasture is included in a fuzzy logic modelling 
(FLM) technique, the area of land constituting South Africa, gets a zero rating as land 
available for bio-energy production [Cai, 2011]. This FLM technique followed the USDA 
National Soil Survey Center (USDA-NRCS) index of soil ratings for plant growth and used 
the following four indices: soil productivity properties, land slope, soil temperature regimes 
and humidity index. In all the scenarios reported, it was assumed that the bio-energy crops 
will be rainfed and do not need irrigation, which is in line with the directives of the South 
African biofuels policy. 

5.6.1.2  Water 

 
Water is essential to sustain all forms of life. It is thought that more than a billion years ago 
the first living organism showed up in water and only several million years later migrated to 
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dry land [Lahmeyer, 2007]. While the daily drinking-water requirement per person is 2 – 4 
litres, about 2 000 – 5 000 litres are needed to produce a person’s food each day [IPCC, 
2009]. This water has to be obtained from the 0,34% of the planet’s water that is available as 
fresh water in surface water from river basins and rain water, as well as sources such as 
aquifers [Klump, 2009]. 
 
The norm for domestic consumption of water is closer to 50 litres per day, with the North 
American average consumption being 330 litres/day, including cooking, drinking, cleaning 
and sanitation [Leahy, 2011]. There is also the concept of “virtual water” which is the amount 
of water used to make something. As examples, to make a desktop computer requires 1 500 
litres, a pair of denim jeans 6 tonnes, a kilogram of chicken 3 – 4 tonnes and a kilogram of 
wheat one tonne. The annual global trade of “virtual water” presently is said to exceed 800 
billion tonnes, “the equivalent of 10 Nile rivers” [Leahy, 2011]. 
 
A distinction has to be made between the per capita water requirement for domestic use 
which is given to be about 50 l per day or about 20 m³/capita/year and the amount of water 
needed for food production which is estimated at about 1 500 m³/capita/year. Below this 
threshold a country’s cereal imports become strongly inversely correlated with its renewable 
water resources [Rijsberman, 2006]. A measure of the use of water for agriculture comes 
from the estimate that to produce one bushel (25,39 kg) of corn (maize), about 3 000 US 
gallons of water are required [Lane, 2010 (Aug 25)]. This means that the production of 1 
tonne of maize requires 447 m³ of water. Globally around 7 130 km² of water is 
evapotranspirated by crops per year [de Fraiture, 2008]. 
 
Not surprisingly, it takes an average of 2 500 litres of water (about 850 litres of it being 
irrigation water) to produce 1 litre of biofuel [de Fraiture, 2008]. In Brazil and the European 
Union very little irrigated water production of biofuels takes place, compared to 2% in China 
and 3% in the United States [UNESCO, 2009]. The estimate for irrigation water for biofuels 
production is 44 km³ or 2% of all irrigation water. To implement all current national biofuels 
policies and plans would take 30 million hectares of cropland and 180 km³ of irrigation water 
[Unesco, 2009]. 
 
Energy derived from biomass requires about 70 to 400 times more water than that needed 
for other energy carriers. Ninety percent of the water needed is for the production of feed 
stock [Bringezu, 2009, quoting Gerbens-Leenens et al, 2008]. A comparative analysis for 
estimating the energy return on water invested (EROWI) in a lifecycle approach states that 
the more water-efficient fossil-based technologies have an order of magnitude twice the best 
return on the most water-efficient biomass return [Sherwood, 2010, quoting Mulder et al., 
2010]. If the use of water to replace fossil fuels is considered, there is simply not enough 
fresh water available on Earth to make the production of biofuels a viable and significant 
alternative to the mining and usage of fossil fuels [Sherwood, 2010].  It needs to be noted 
that the production of biomass is a consumptive use of water [de Fraiture, 2008]. If the 
biomass is then used to meet energy demands rather than food crop production, direct 
competition for water will result.  
 
It is estimated that nearly a billion people do not have access to safe fresh water [Leahy, 
2011]. The regions in the world that are struggling the hardest with water scarcity are Africa, 
South West Asia, the Middle East and the Mediterranean. A Climate Vulnerability Index 
depicted in the map in Figure 5.8 illustrates the geographic spread of climate related water 
challenges [IPCC, 2009]. The novelty of the Climate Vulnerability Index, which was 
developed by Dr. Caroline Sullivan from the Southern Cross University in NSW, Australia, is 
that it measures the impact of climate change on water pressures [IPCC, 2009]. 
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Figure 5.8  Climate vulnerability index [IPCC, 2009] 
 
While climate change has the potential to either increase or decrease water availability, 
future population growth, increasing food demands and unsustainable agricultural practices, 
place the largest pressures on the world’s finite freshwater resource. The subtropics and 
mid-latitudes are expected to generally become drier including Central – and Southern 
Africa, where rainfall has decreased by 4% on average each decade since the 1970s [IPCC, 
2009]. 
 
A ‘water security risk index’ of 165 nations found that African and Asian nations had the most 
vulnerable supplies with Somalia topping the list. The supplies were looked at in the context 
of drinking water, but the same study found that irrigation water accounts for 70% of 
freshwater use and industry another 22% [Doyle, 2010]. A further study indicated that in a 
single generation two billion people will not have good access to safe fresh water and the 
growing demand will exceed sustainable supply by 40 percent, and this lack of access can 
lead to starvation, disease, political instability and even armed conflict, according to 
Margaret Catley-Carlson, a renowned global authority on water issues and a director at the 
Canadian Water Network [Leahy, 2011]. 
 
South Africa is a semi-arid country with an average rainfall of 454 mm/year, compared to an 
average rainfall of 870 mm per year in countries recognised for good agricultural potential. 
Since the 1959/60 season South Africa has only had three seasons with exceptionally good 
rain, 180 mm or more above the average of 454 mm, and 28 seasons with below the 
average annual rainfall [Norval, 2008]. A 550-mm rainfall line actually divides the country into 
two sections with dry conditions in the west and more sub tropical conditions in the east. 
This can be clearly seen in the map in Figure 5.9 that shows mean annual precipitation 
[Gbetibouo, 2006; von Blottnitz, 2007, from FAO, 2005; Schulze, 2003]:  
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Figure 5.9  Mean annual precipitation (mm) in South Africa 

 
It also seems if the aridity of South Africa is not widely recognised, it being one of the 
poorest countries in the world in terms of water resources [de Villiers, 2010]. Only three of 
the nineteen water management areas (WMA) located in South Africa have a positive water 
balance, six water management areas have marginal water balances and ten water 
management areas have balances in deficit. Less than 9%  of South Africa’s precipitation is 
converted to river run off, this 9% being 1,4% of the water run off in Africa, but the surface 
area of the country represents 4% of that of Africa. The South African run off of only 40 mm 
is almost a factor of seven lower than the global run off of 266 mm. Only about 1,5 % of 
South Africa is not classified as arid. 
 
What distinguishes South Africa from many other countries is that its hot, dry climatic 
conditions favour evaporative losses from the available surface water. Also, it has a high 
temporal and spatial variation in rainfall. Thus, although the mean annual precipitation for its 
grassland biome with a surface area of 354 594 km², compared to the country’s total surface 
area of 1 237 954 km² at 661 mm/annum, is close to the global average, this does not show 
the effect of evaporation [de Villiers, 2010]. 
 
Another consideration for feed stock for biofuels is that interestingly the three areas with a 
positive water management balance do not overlap with the main cropping areas in South 
Africa. Of the three cropping areas, only parts of the Usutu/Mhlatuze WMA are in 
Mpumalanga. In the Upper Orange WMA north west of Lesotho wheat is produced along 
with other crops in the Eastern Free State, but the Mzimvubu/Keiskamma WMA south of 
Lesotho, is not a recognised main crops area.  

 
It is estimated that agriculture uses around 62% of the water available in South Africa and 
contributes 3% to the country’s Gross Domestic Product (GDP) [Prinsloo, 2010]. This 
compares to 71% used for agriculture globally, this indicating amongst other things, that 
water is scarce in South Africa. Agriculture though, has a multiplier effect in terms of food 
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processing and job creation. It is the start of the food chain that contributes 14% of GDP. 
The cascading effect or multiplier makes Agriculture a key contributor, also with respect to 
employment. 
 
In the guidelines on biofuels production which are listed in Chapter 7 of this dissertation, it is 
stated, however, that biofuel production using irrigation will not be allowed, except in unusual 
circumstances [DME, 2008]. While the position is not clear as to exactly where the Biofuels 
Industrial Strategy foresees the development of a biofuels industry, a number of other factors 
related to water also have to be considered. 
 
Firstly, high potential land with adequate water supplies are in the same geographical areas 
as for coal mining which as an enterprise is not a significant user of water, but according to 
Koos Pretorius from the South African Federation for Sustainable Development, it has a 
disproportionate contaminating effect on water resources [Prinsloo, 2010]. In the U.S.A., 
electric power generation uses 41% of the total amount of U.S. water of 350 billion gallons 
per day [Lane, 2010] and most of South Africa’s power stations are located in the same area 
as the coal deposits. Eskom uses about 1,5% of the country’s annual water consumption  
with 85% of this water evaporating through its cooling towers. The average amount of water 
used for electricity generation is about 1,9 litre/kWh sent out or about 292 million m³ of 
water, according to Eskom 2005-06 figures. The generally accepted water energy parameter 
is 3,0 m³ of water required to produce 1 MWh of electricity from coal. This compares with 6,5 
m³ water for electricity from oil and 32,2 to 360 m³ water for 1 MWh of electricity from 
biofuels [de Villiers, 2010]. With the increase in generation capacity, the competition and 
contamination of water supplies will increase in an area potentially the hub of the biofuels 
industry. 
 
There is a knock-on effect emanating from Eskom’s reliance on coal for power generation, 
apart from its use of water in the generation of the power. As power generation increases, 
more coal will be needed, certainly over the short term. In the process of mining this energy 
carrier, more water will be contaminated and water quality will deteriorate in eight of the 
nineteen water management areas, as is already the case in the upper Olifants WMA. The 
same will happen in the Limpopo coal fields. If platinum mining and other big users of 
electricity grow, more electricity needs to be supplied, thus coal volumes will increase and 
water deterioration will come from the coal mining and other uses of water. In general, with 
an increase in economic growth, water quality will deteriorate, also coupled to urbanisation 
and pollution increase. 
 
Secondly, from a utility perspective with water being distributed for urban and industrial use, 
research has shown that South Africa will have a 6% water supply deficit by 2013 and 11% 
by 2019. South Africa’s official water outlook scenarios predict a shortage of between 2% 
and 13% by 2025, compared to shortages of 19 to 33 percent by 2025 predicted by the 
Africa Earth Observatory Network (AEON) Report no. 2 [de Villiers, 2010]. The same report 
predicts that water demand for the major cities – Johannesburg, Cape Town and Durban – 
will exceed availability by a factor of about 2 (two) by 2025. The discrepancy arises from the 
fact that official estimates do not allow for global warming on evaporation rates and the 
effects of decreasing water quality. It however means that South Africa uses more water 
than can be sustained and that the country has gone past the peak in terms of water 
availability. 
 
This issue about water is no different to even North America, where the six major issues are 
a mismatch between supply and demand, failure to achieve demand side management 
targets, decaying infrastructure, deteriorating water quality, loss of essential skills and the 
undervaluation of water supply [van der Merwe, 2010]. The problem in South Africa is only 
bigger. As an example, it is estimated that 27% of water supplied by Rand Water leaks 
away, 17% of water available at municipal level leaks away and 83% of all water leaks are 
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on private property. The water so being used, is unavailable for other uses and in the 
process the water shortage problem becomes bigger.   
 
For South Africa, a study found that water is a highly variable parameter, which emphasises 
the importance of rainfall and irrigation to the overall burden of the biodiesel system on water 
resources [Brent, 2009]. This burden will increase in the future as South Africa will be one of 
the 35 countries that is projected to have renewable water resources below the threshold 
value of 1500 m³ /capita /year by the year 2030. Based on the Falkenmark indicator, water 
scarcity for South Africa shows a figure of under 1 000m³ /capita /year [Rijsberman, 2006, 
quoting Wallace, 2000]. The water stress indicator, which is an environmental factor 
reflecting the health of ecosystems, shows that a substantial area of South Africa has a 
figure between 08 and 09 [Rijsberman, 2006, quoting Smakthin, 2004]. 
 
For groundwater, which is used for irrigation of biofuel crops in countries like the U.S.A., 
there is a difference of a factor of two (2) on use between official estimates and values given 
by independent scientists, the conclusion being that the uncertainty on this resource is far 
greater than for surface water [de Villiers, 2010]. At the rate water is withdrawn from the 
deep aquifers in the U.S. in which water was accumulated for thousands of years and it is 
not being replenished, the water is actually ending up to be a non-renewable resource. The 
Biofuels Industrial Strategy does not support this source for the production of biofuels as 
discussed in Chapter 7 of this dissertation. 
 
Of critical importance is that for South Africa, in terms of water requirements, it needs to be 
considered what the amount of fuel generated per unit of water is, not merely crop yield or 
biomass production [Jewitt, 2009]. Also, water use should be considered relative to natural 
vegetation, in this case Acocks Veld Types [Adcocks, 1953, as quoted by Jewitt, 2009]. The 
report by Jewitt et al., to the Water Research Commission, recommends a number of 
priorities for future research, however the report does not address the biodiversity effect 
when a mono-culture crop is introduced where there is currently natural veld or even 
pastoral land. The knowledge gap thus exists on going from international literature on 
parameterising models to detailed water balance studies, especially where new crops are 
introduced in a particular area. This is not a short term exercise. First generation biofuels, as 
in other parts of the world, will probably increase demands on what is a pressurised resource 
in South Africa. 

5.6.1.3  Infrastructure 

 
The position on infrastructure in South Africa in the context of specifically biodiesel needs to 
be assessed from two angles, the position on feed stock and production facilities on the one 
hand and the distribution/consumer adequacy and density on the other hand. On overview, 
however, there has been remarkable deterioration in rail services over the last ten years, 
with only 9% of 745 million tonnes of freight transported carried by rail in 2006, and 88% 
carried by road at higher cost in 2006 [OECD, 2008]. 
 
If biodiesel production facilities are located in the so-called commercial farming areas, it has 
to be assumed that adequate infrastructure is available in the form of roads and/or rail 
facilities; as crops were moved to the main markets up to now. There is doubt as to whether 
a balanced grain production system is still in place, as the country cannot cope with 
transporting the current surplus of maize [Willemse, 2010]. If biodiesel production facilities 
are located in the targeted areas like the Eastern Cape, infrastructure in the former 
homelands is virtually non existent [Le Roux, 2008]. If it is assumed that underutilised land 
will be used for biodiesel production in both cases, the relevant cost on bringing land into 
production will differ by an estimated amount between R10 – R14 000/ha. For a viable 
biodiesel feed stock supply area, in a commercial farmer sense, a huge cost will result. 
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From a distribution point of view, infrastructure exists for the distribution of diesel and only 
blending facilities and transportation to the point of blending or depots, will have to be 
added. In terms of volume, the directive is to add 2% of biodiesel and it is proposed that 
transportation infrastructure can handle the increment in volume. The infrastructure needs 
from the location of biodiesel production to the point of blending needs to be evaluated, 
similarly to the case where it is being done for the U.S. in meeting the objectives of the 
Energy Independence & Security Act of 2007 [USDA, 2010], the siting of production facilities 
becomes crucial in terms of cost. In South Africa it may be advantageous to site these 
facilities near existing refinery capacity. 
 
On infrastructure, Chris Mitchell, the Biodiesel Product Manager of Desmet Ballestra in North 
America, also identifies facilities for management and staff as infrastructural requirements 
[Dunford, 2008]. From this follows that storage capacity for feed stock and the sharing of 
facilities with feed stock crushing plants, have a bearing on relevant requirements. It is also 
necessary for the plant to have sufficient water available to meet fire protection requirements 
and sewer connections or a zero effluent design to take care of the plant waste water 
[Dunford, 2008]. 

5.6.1.4  Energy 

 
The energy SOE Eskom produces 96% of the electricity generated in South Africa and 
operates the national transmission grid [OECD, 2008]. The locations of potential sites for 
biodiesel production facilities will have to have access to the grid or generate their own 
electricity. As an input to energy costs, the price of electricity increased by 73,2% from 
September 2008 to September 2011 [Landbou, 2011]. 
 
Secondly, in North America access to natural gas supplies for the generation of steam is 
required. This means that an area like Mpumalanga will qualify and possible areas in the 
Sasolburg-Vaal area or near Johannesburg. In view of the nature of the debate on 
renewable energy, coal is not the preferred energy carrier for steam generation. If in future 
natural gas becomes available from the areas where exploration is taking place at present, 
the energy position will change, this topic having been discussed in Chapter 2 

5.6.1.5 Equipment 

 
Tractor sales represent 60% of all farm machinery sold in South Africa. [NAMC, 2007] 
Amongst the 20 manufacturers of tractors represented in South Africa, the huge international 
manufacturers like John Deere, New Holland, Landini and Massey Ferguson feature. From 
an average of 15 000 units sold per year prior to 1981,  the five year average is now 5 629 
units per year. Likewise, the sales of implements are lower than 20 years ago, mainly 
because the area under cultivation decreased from 6,2 million ha in 1986/87 to the current 
3,5 million ha in the summer rainfall area [Van Zyl, 2010]. For biofuel production, there will 
have to be a burst of tractor sales, and the manufacturers are cautious to allow the use of 
biodiesel in their new engines. 

5.6.1.6  Seed, fertilisers, pesticides and herbicides 

 
South Africa has an internationally recognised position in agriculture and had a gross income 
from agriculture of R120 billion in 2008/09 season. Although the number of commercial 
farmers decreased to 37 000, the average annual increase of the agricultural sector income 
was 13,9% since 1970 [van Zyl, 2010]. During the 2010-’11 production year the gross 
income was R138,9 billion, an increase of only 0,02% on the previous production year. 
[Landbou, 2011] 
 
Multi-national companies like Monsanto and Panmar (du Pont) operate in South Africa as 
well as the pesticides and herbicides suppliers who have manufacturing, but more so 
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blending, packaging and distribution facilities in the commercial farming areas. Some of the 
suppliers of production equipment like Nampak and Omnia are quoted on the Johannesburg 
Stock Exchange. 
 
It is estimated that the South African demand for fertilisers is about 2 million tonnes per year, 
of which in 2007 only about 50% could be met by local production [NAMC, 2007]. If the basic 
composition of fertilisers in terms of N.P.K. (Nitrogen, Phosphorous and Potassium) is 
considered, virtually the total potassium requirement is imported and about 50% of the 
nitrogen requirements. It follows that fertiliser prices will follow international trends, but 
exchange rates also have to be considered in forecasting price trends. 
 
If the outlook on input costs on the three important fertilisers is considered, there were 
unprecedented increases in firstly, the price of urea which increased to over R7 500 per 
tonne in 2008. It is predicted that the domestic urea price will increase by 5,5% per year from 
around R6 000/tonne in 2010. The price of phosphate increased by 148% in 2008. An 
annual average growth rate of 3,2% for domestic mono ammonium phosphate from a base 
of R4 500/tonne is predicted for the period 2010 – 2014. Thirdly, the potassium price 
increased by 183% in 2008. Potassium prices are expected to move with phosphate and 
urea prices from a base of about R6 500 per tonne, although for all these products there is a 
dependency link to the strength of the Rand and the rise in oil prices [BFAP, 2009]. If longer 
term trends are studied, the price of urea increased by 97,5% from September 2005 to 
September 2011. For the same period potassium prices changed by 142,6%. In the year 
September 2010-’11, the local prices of ammonium phosphate increased by 25,7%, 
potassium by 40,7% and urea by 61% respectively [Landbou, 2011 (December 9)]  

5.6.1.7  Labour, skills, finances and policies 

 
In Chapter 4 issues related to government policy were discussed. It is therefore prudent to 
discuss in this paragraph other factors which have bearing on any agricultural outputs from a 
more holistic perspective.  
 
Firstly,  the position with financing changed dramatically from the year 2000. At the time the 
commercial banks only supplied about one third of the financing requirements of the 
agricultural sector, compared to the current primary debt percentage of 70% to 75%. The 
main reason for this position is that the Land Bank and the Industrial Development 
Corporation (IDC) are playing a significantly smaller role in financing the agricultural sector. 
This came about because of policy changes from these two organisations which do not 
subscribe to orderly, structurally sound business practices and in particular the Land Bank 
built up a portfolio of bad debts. This in turn had the effect that it could not raise long term 
loans on favourable terms due to its bad balance sheet [van Rooyen, 2010]. 
 
Secondly, it is recognised that South African labour is expensive, for example by a factor of 
three compared to China. The significance of this fact is that China invested R280 billion in 
Africa, as it is said that it is very interested because of its precarious position with relatively 
little agricultural land for its own population. Similarly India is buying vast tracks of land in 
Africa [Ryan, 2010]. It is also admitted that South Africa badly neglected its intellectual 
capital and research capability in the last two decades. 
 
The rationale of the IDC from a South African perspective as to job creation is also not very 
clear. Firstly, its investment portfolio in the agricultural value-chain is about R3,6 billion of 
which 24% is for projects outside South Africa and 80% of the remaining amount for projects 
not in Gauteng or the Western Cape. Secondly, by investing R770,5 million in 28 new 
projects, it potentially was instrumental in creating 3 133 employment opportunities in the 
value-chain, i.e. a cost of R246 000 per job [Van Zyl, 2010].  
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5.6.2  Identified and likely feed stocks for biodiesel production in South Africa 

 
The Biofuels Industrial Strategy identifies three vegetable oils for biodiesel production in 
South Africa, namely those derived from soybeans, sunflower and canola respectively. The 
climatic- and soil conditions and thresholds for these three crops are presented in Table 5-14 
which  was compiled from information contained in the report submitted to the Water 
Research Commission by the the University of KwaZulu-Natal [Jewitt, 2009]. 
 
Table 5-14  Parameters and thresholds for identified biodiesel crops in South Africa 
 

Parameter / Crop                    Sunflower             Soya beans                   Canola 

 
MAP (mm)                              -                                     -                                 500-1000 
MMR (mm)                             400-600                 550-700                               - 
Average temperature (º C)       18-25                     20-30                                 - 
Minimum temperature (º C)         > 5                             -                                > 5 
Maximum temperature (º C)      < 45                             -                                < 25 
Planting date                          01 Dec.                  01 Nov.                              01 Jan. 
Growth (days)                           125                        150                                    140 
Maximum altitude (m)             2 600                    3 000                                  2 000 
Soil pH                                    6(5.5)-7.5(8)       5.5(4.5)-6.5(8.4)            6.5(5.5)-7.6(8) 
Soil depth (cm)                        50-150                  50-150                              50-150 
Soil texture                         medium,light         medium, organic               medium, light 
Soil fertility                               high                      high                                   high 
Soil salinity (<4ds/m)               low                        low                                    low 
Soil drainage                           well                       well                                    well 
Light intensity                     very bright             bright/clear                      bright/clear 
Water use efficiency                   ?                             ?                              18 kg/mm.ha 
 

 
Soya bean oil is the main feed stock for biodiesel in the United States and Argentina, while 
sunflower is used as a feed stock in Europe, but not to the same extent as rape seed. All 
three feed stocks identified for biodiesel production in the biofuels strategy, depending on 
the variety planted and harvested, have unsaturated oils as constituents of the vegetable oil 
extracted during processing. In general they will have a lower oxidative stability than for 
example palm oil, but will have lower pour points and thus better cold flow properties. In 
particular canola has been cultivated to have a low level of saturated fats (7%) and is being 
sold as cooking oil because of its health benefits, including no trans fats and a relatively high 
level of omega – 3 fatty acids [Mattson, 2007]. Canola should be distinguished from 
rapeseed as members of the Brassicaceae family, where the former was developed in 
Canada in the 1970s as a cultivar of rapeseed with a low erucic acid content. It contains 
mono- and polyunsaturated fatty acids and is grown as an edible oil crop. 
 
In analysing canola as a feed stock for biodiesel production, the U.S. Environmental 
Protection Agency (EPA) assumed the same facility designs and conversion efficiencies as 
modelled for biodiesel production from soybean oil in their pathway generated for the revised 
American renewable fuel standard (RFS2) [Geiver, 2010]. The EPA found that on that 
modelling approach for canola, the canola oil biodiesel pathway creates a 50 percent 
reduction in GHG emissions compared to the diesel fuel baseline. For 2022 life cycle GHG 
emissions for canola oil biodiesel are given as 48 kg CO2e/mm BTU with a spread of 25/78 
and a mean land use change emission of 31 kg CO2e/mm BTU (spread 7/61). This 
compares with 97 kg CO2e/mm BTU for the 2005 diesel baseline that reflects two 
components: fuel production and tailpipe emissions [Oge, 2010]. The WRC report identifies 
the optimum growth area for canola as shown in Figure 5.10  [Jewitt, 2009]: 
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Figure 5.10  Suitable areas for canola cultivation identified in WRC report 
 
There are some other properties of canola seed and canola oil of interest to biodiesel 
production. It is prone to shattering which means that when the seed pods get too dry, they 
burst open and between 25% to 50% of the potential harvest could be lost. In the Western 
Cape sheep is used to ‘harvest’ this spillage. On the other hand, canola seed has an oil yield 
of over 40% and in North Dakota, U.S.A., at a yield of 1 480 lbs per acre (1, 658 tonnes/ha), 
canola yields 33 % more oil for the same area, compared to soybeans [Mattson, 2007].  
 
The local production estimates for the 2009-2010 summer production cycle for sunflower 
seed is given to be 508 715 tonnes and that of soya beans for the same period is estimated 
at 587 950 tonnes [Booysen, 2010]. Canola is used as a rotation crop in the winter rainfall 
area and has a comparatively low production volume at present. The figures quoted above 
also do not tie up with the figures quoted by the sources used to compile the table presented 
as Table 5-15. In Table 5-15 projections are also given for oil seeds crop yields in the 
immediate future, showing no spike for other or additional uses such as for biofuels. 
 
Not directly comparable to the relationship between soya beans and maize in the U.S.A., 
sunflower seeds as a crop is the most important after maize in the South African summer 
rainfall area. The relationship in South Africa is that sunflower is a rotation crop for maize, 
but more importantly is planted as a cash crop, if the rains are late or it is a dry year and 
there is not enough moisture in the soil. Sunflower can then still be produced as it is well 
adapted to the South African hot and dry climate [NAMC, 2004]. Certainly in the seasons 
2001/02 and 2002/03 more than 85% of the sunflower crop was produced in the Free State 
and North West provinces respectively. From figures made available by the Crops Estimates 
Committee, out of a total of 843 530 tonnes of sunflower produced in the 2008/09 season, 
280 000 tonnes came from the Free State and 230 000 tonnes from the North West 
province. The WRC report identifies the optimum growth area for sunflower as a crop as 
depicted in Figure 5.11 [Jewitt, 2009]. 
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Figure 5.11  Suitable areas for sunflower cultivation identified in WRC report 

 
The area cultivated for the production of sunflower seeds has fluctuated between 400 000 ha 
and over 800 000 ha over the last two decades. The seed is mostly destined for the oil 
processing industry, the oil generally used in the food industry. The sunflower oil cake 
generated in the oil extraction process, is sold to feed manufacturers but cannot compete 
with soybean oilcake in terms of nutritional value and low fibre content. Crude sunflower oil 
is also imported; refined for the local market or exported together with locally extracted oil to 
mostly SADC countries. Excess capacity in the seed crushing business is utilised for “toll 
crushing” where seed is imported and oil produced locally. Not all the sunflower oil refineries 
do crushing, but in cases refine the crude oil which was perhaps imported and export the 
product. 
 
The trends in real prices for sunflower seed and sunflower cooking oil are similar [Vink, 
2002]. This can be expected as the oil cake is seen to not add much value and the 
relationship is mostly determined by the cost of processing. The import parity price of 
sunflower crude oil also has an influence as well as the Rand/ US$ exchange rate. The 
value chain for sunflower from the farmer to the consumer has three nodes in between; the 
crushers of seed; the refineries for crude oil and the wholesalers and retailers. 
 
In comparison with other countries where more soya beans than maize are produced,  
(U.S.A., Brazil, Argentina) in South Africa the final crop estimate for maize was 11 740 800 
tonnes and 509 295 tonnes for soya beans in the 2008/09 season. In contrast to a total 
estimated production of 509 295 tonnes for soya beans, Mpumalanga produced 256 250 
tonnes, Free State 99 000 tonnes, KwaZulu-Natal 75 600 tonnes and the North West 
province 18 200 tonnes. As early as 1982 it was already identified that South Africa had to 
produce 14 times more soya beans to satisfy its internal demand [Smit, 1982]. Again, from 
the WRC report the optimum growth area for soya beans is shown in Figure 5.12 [Jewitt, 
2009]. 
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Figure 5.12  Suitable areas for soya beans cultivation identified in WRC report 
[Source for figures on crop growth areas: WRC report which contains a disclaimer on information provided] 
 

It is not within the scope of this dissertation to identify the reasons for the relatively lower 
tonnages of soya beans produced. Some factors could be the rainfall pattern as soya beans 
do better with higher than 450 mm rain in its growing season, the amount of moisture in the 
soil at plant date (soya beans need 50% compared to 30% for maize), soil type and texture 
as soya beans prefer heavier soils and root diseases are less prevalent in these soils. 
Furthermore temperatures can be an issue as the photosensitive period is important, there is 
less experience in South Africa on optimum cultivars for particular areas and the further 
south soya beans are planted, the longer the period needed for it to mature [de Beer, 2006]. 
The methodology of cultivation and harvesting with less harvesting on contract and the 
practice in South Africa for the land owner to have his own implements, could even be 
factors. In the warmer areas it will be preferable for soya beans to be grown under irrigation. 
Such practice for soya beans will be in conflict with directives in terms of the Biofuels 
Industrial Strategy. 
 
The predominant areas for the identified crops for biodiesel production in the summer rainfall 
region of South Africa can be observed from the estimates provided in Table 5-16 [Crop 
Estimates Committee, 2009]. Canola is exclusively produced in the Western Cape in rotation 
with wheat or barley in winter. In contrast, nearly all the canola produced in the U.S. are 
spring varieties. Where high yields can be calculated from the production per ha, it can be 
assumed that in these areas it will be for crops under irrigation. 
 
The information presented in Tables 5-15 and 5-16 should be read together as for the 
seasons mentioned, there is good correlation but on the other hand for the same crop, a 
remarkable swing over seasons. The yields in general have shown increases over the years, 
due to better seed and production methods, but changes in area planted and volumes are 
due to inputs such as climatic conditions and projected prices. The volumes harvested from 
the different provinces are also not in synchronisation with the areas identified for optimum 
production as seen in Figures 5.10 – 5.12. Secondly, the suitable areas for the cultivation of 
the three crops to a considerable extent overlap, meaning that for optimum production and 
prices, the three crops will compete. 
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Table 5-15  Production figures for suggested oilseed crops for biodiesel production 
  
                                        Crop production and projected production figures. 
 
                            Sunflower                              Soy beans                    Canola 
                     Area  Production Yield     Area  Production Yield  Area   Production Yield 
                    ‘000ha   ktonnes   t/ha      ‘000ha    ktonnes   t/ha     ‘000ha   ktonnes    t/ha 

Period 
1961-1970       146         97     0,66          9               4          0,44       -                -         - 
1971-1980       312        288    0,92        19,0         21,0         1,10       -                -         - 
1981-1990       374        350    0,93        34,0         51,0         1,50       -                -         - 
1991-1996           ---------------------------- No figures available-------------------------- 
1997                464        450    0,97        87            120          1,38      13           11       0,85 
1998                511        562    1,10      125           200,9        1,61      17           21       1,24 
1999                828      1 109   1,34      130,5        174,8        1,34      25           23       0,92 
2000                396         530   1,34        93,8        148,7        1,59      19,15     20,3     1,06 
2001                521         638   1,22      134,2        209,7        1,56      27          25,7     0,95 
2002               667          928   1,39       124          202,4        1,63      33          38        1,15 
2003               606          642   1,06       100          136,5        1,36     44.2        40,8     0,92 
2004               630          675   1,23       135          220           1,62     45.5        32,0     0,72 
2005               460          614   1,34       150          263           1,75     40.2        44,2     1,09 
2006               472          517   1,09       241          409           1,70     32.0        36,5     1,14 
2007               316          297   0,94       183          196           1,07     33.2        39,8     1,20 
2008               564          672   1,55       165          264           1,60     34.0        30,8     0,91 
2009               636          875   1,36       225          405           1,80     35.6        40,4     1,15 
2010               571          811   1,42       269          469           1,74     35.0        42,0     1,20 
2011               573          833   1,45       276          495           1,79      -            -             - 
2012               593          879   1,48       287          524           1,82      -            -             - 
2013               601          910   1,51       295          551           1,87      -            -             - 
2014               603          930   1,54       303          581           1,92      -            -             - 
 
Notes: 1. Sources : BFAP – The South African baseline 2009; 2007 
                            Feasibility study for the production of biofuels in the SADC region. 
                            [Nolte, 2006, quoting figures available from SAGIS] 
            2. Figures from 2011 – 2014 are projections by BFAP. 
            3. GraanSA crop production reports. 
 
Table 5-16  Production  estimates over two seasons for sunflower and soya beans in 
nine provinces of South Africa 
 
                                 2007/08-Production season            2008/09-Production season 

                                 Sunflower         Soya beans             Sunflower           Soya beans 
Province            Area  Production  Area Production  Area Production Area  Production 

Western Cape         600        540          -           -               700          700        -            - 
Northern Cape         400       900       500      1 750           500      1 250          750       2 250   
Free State         270 000 495 000 48 000    64 500    280 000  392 000      55 000    99 000 
Eastern Cape          300        360       500          750          600         780          800       1 650 
KwaZulu-Natal    -             -           17 500    44 000      -               -              27 000     75 600 
Mpumalanga      17 000 25 500   82 000   128 000      27 000     37 800    125 000  256 250 
Limpopo             70 000 77 000     7 500      22 500     90 000     90 000      16 000    44 000 
Gauteng               6 000   8 700     3 400        5 500       7 000     10 500        6 700    12 395 
North West       200 000 300 000   6 000    15 000     230 000   310 500        6 500    18 200 
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       Note: Areas are given in  hectares and production in tonnes. 
 
 
The fact that the production areas do not coincide with the optimum areas for the three 
identified crops as identified in the report to the Water Research Commission [Jewitt, 2009], 
leads to the observation that it is understandable why yields for these three crops are 
comparatively lower than in countries such as the U.S.A. Secondly, South African farmers do 
extremely well in harvesting the tonnages recorded considering the pointer that the areas 
such as the Free State and North West Province are not suitable for optimum production. 
 
Of cardinal importance in assessing the wisdom in selecting the crops mentioned, one has to 
consider their advantages and disadvantages for greenhouse gas emissions. The only 
comparative study that could be accessed, that of Reinhardt et al. done in 2008, provides 
the following normalised CO2equivalents saved per hectare per year, indicating that 
sunflower and rapeseed are the more attractive crops: 
           
           Feed stock                     CO2 equivalents saved /ha/year 
           Sunflower                         2 – 4 tonnes 
           Rapeseed                         1 – 3 tonnes 
           Canola                              1 – 2 tonnes 
           Soybeans                         1 – 2 tonnes (degraded land).            
 

5.6.3  Production costs and prices for feed stocks 

    
By and large costs for the production of feed stocks comprise capital costs for all inputs used 
in the production system i.e. machinery, fuels, fertilisers, seeds, and cost of land. The 
statement that such costs pertain to biomass and include all pre-treatment before the first 
transportation step from the location of production can be generalised to be applicable for oil 
seeds production as well. The second component of costs will be the operating costs such 
as labour and management. These costs can be dependent on the yield of crop and the 
area under cultivation [Dornburg, 2008]. 
 
A formula used in an OECD report on developments in bioenergy production relating to 
biomass can be used to calculate production costs per hectare instead of per Megajoule by 
a suitable choice of units The formula used in the OECD report is given in Equation 5.2 
[Dornburg, 2008]: 
 
                         MC + LC +LR/yld 
             Cprod = -------------------------                                                   5.2 
                                  HV 
Where 
            Cprod : production costs of biomass   [€/MJbiomass] 
            MC   : Capital cost of management for biomass production [€/MJbiomass] 
            lh     : labour hours for biomass production  [h/MJbiomass] 
            LC   : labour costs per amount of oven-dry (od) tonne of biomass produced    
                     [€/Mgod] 
            LR   : land rent [€/(ha*yr] 
            yld   : biomass yields [Mgod/ha*yr] 
            HV  :  lower (LHV) and higher heating value of biomass in HHV [MJLHV or  
                                                                                                              MJHHV per Mgod]  
 
For the U.S., soybean agriculture data are provided as a single unit process and comprise 
the use of farm tractors, fertilisers, pesticides and herbicides, other energy and material 
requirements, irrigation and transportation of the material inputs to the farm unit. The data 
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from the U.S. LCI data base are given per 1 000 kg of soybeans produced and are 
presented in Table 5-17. 
 
Table 5-17  U.S. Agriculture data per 1 000 kg soybeans produced 
 
           Inputs                                                                  Quantity per 1 000 kg soybeans 
 
Energy inputs 
          Diesel (farm tractor) (l)                                                                    14,3 
          Electricity (MJ electricity)                                                                 25 
         Gasoline (farm tractor) (l)                                                                 4,5 
          LPG (MJ)                                                                                         32 
         Natural gas (MJ)                                                                               48 
Material inputs 
        Agrochemicals (kg)                                                                          0,52 
       Nitrogen fertiliser (NH4NO3 as N( (kg)                                                16 
       Phosphorous fertiliser (TSP as P2O5) (kg)                                         5,0 
       Potash fertiliser (K2O equivalent) (kg)                                                9,3 
       Quick lime (kg)                                                                                    94 
       Water (from river) (l)                                                                       15 855 
      Water (from well) (l)                                                                         34 725 
Land use information 
      Crop land (Conservation tillage) (m²/year)                                        2 034 
      Crop land (Conventional tillage) (m²/year)                                           850 
      Crop land (Reduced tillage) (m²/year)                                                  723 
 
 
 
Soybeans are one of three crops of which the U.S. is the largest exporter in the world, the 
other two being maize and wheat. For the 2011 season the total area under cultivation for 
soybeans in the U.S. is 31 millon hectares, compared to 36 million hectares for maize and 
23,6 million hectares for wheat, of which 17 million is for winter wheat [Bloomberg, 2010]. 
 
In a study done in Greece for the following crops namely rapeseed (irrigated and non-
irrigated) and sunflower (irrigated and non-irrigated), it was found that before applying 
subsidies, none of these crops could be produced profitably [Panoutsou, 2008]. In the study, 
land rent was taken as €285/year for irrigated land and €120/year for dry land. It was found 
that the yields for the two crops were similar under the same conditions. 
 
If production costs have to be calculated from first principles, the formula given in Equation 
5.2 can be adapted and costs calculated for South Africa. Secondly, comparisons can be 
made with U.S. inputs as provided in Table 5-17. The gap in terms of profits is not quantified, 
nor is information explicitly  available on the quantum of subsidies to the farmer. The costs 
for producing feed stock for biodiesel production will be related to the inputs pertaining to 
that country, the issue being that the feed stock could be imported if costs are lower from the 
country of export. South Africa is, however, a mature player in agricultural markets and data 
are available on all its major agricultural outputs.   
 
For South Africa, the production costs and profitability of sunflower and soya beans 
respectively were done in reports published by GraanSA [Louw, 2007]; and other reports 
available on the GraanSA website [http://www.grainsa.co.za]]. In considering the 
consumption figures for diesel as stated in Chapter 4 and the logistics concerned with feed 
stock, for this study some more work was done on production costs for selected 
geographical areas. For both crops three production areas were looked at and in Tables 5-
18 and 5-19, the information for three seasons is presented in the format generated by 
GraanSA. 
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Table 5-18  Production cost and profitability of sunflower cultivation for three 
production seasons in three geographical areas in South Africa 
 
Geographical area            Northwest                       Northwest FS              Eastern Free State 
Season:                          2006     2007     2008     2006    2007    2008     2006     2007     2008 

Production cost/ha (R) 
Seed                                 -      114,68   135,90     -        213,11  254,52       -     117,00  153,00 
Fertiliser and lime             -      387,62   560,54     -        440,91 1036,21       -    373,00  743,00 
Weed control                    -      107,81   126,23     -          73,20     11,87       -      35,00    22,00 
Pest control                      -          0,00       0,00     -            0,00       0,00       -      98,00  209,00 
Fuel                                  -      457,23    638,37    -        380,20   606,93       -    480,00  694,00 
Repairs and parts             -      320,57   406,59     -        338,00     36,89       -     495,00  657,00 
Crop insurance                 -       44,66    104,23     -          90,64   175,64       -      58,00  173,00 
Casual labour                   -       56,70      85,21     -            1,40      5,95        -        1,00    11,00 
Marketing cost                  -       47,00    111,57     -          54,04      8,76       -      11,00    42,00 
Drying and cleaning         -         0,00        0,00     -            0,00       5,85       -        8,00      7,00 
Permanent labour            -       196,51    162,47    -        145,54   186,42      -     270,00  313,00 
Production interest           -       130,06    195,10    -        131,70   236,95      -    151,88  267,45 
Contract work                  -         69,89      63,42    -          76,84     57,44      -      169,00  107,00 
Other costs                      -       105,70     225,24   -        137,17   361,79     -      135,00  370,00 
Total variable cost   2 152      2 056     2 796   2 227     2 082     3 396  2 343  2 401     3 833 
 
Machinery/equipment: 
Depreciation                    -     164,30   180,73       -      133,56    184,06    -      172,60    189,86 
Interest                            -     221,85   244,04       -      264,30    294,84    -      258,90    284,79 
Fixed improvements: 
Interest                            -        0,00        0,00      -          0,00        0,00     -          0,00        0,00 
Depreciation                    -        0,00        0,00      -          0.00       0.00     -          0.00        0.00 
Repairs/maintenance      -       15,80     37,38      -        24.47      52.98    -         34.00     37.40 
Total capital cost        386   401,95    462,15    422   422.33   531.88    466  465.50    512.05 
 
Total cost per ha:     2538  2458,81  3258,60  2649 2505.08 3928,10  2809 2867,38 4345,50 
Yield (tonne/ha)          1.15      1,12        1,80    1,54      1,40      2,08     1,30      1,00       1,40 
Cost (R/tonne)           2206 2187,55  1810,30  1720 1786,28 1888,51  2160 2867,38 3103,93 
 
Income 
Producer price (R/t)  1892  2737,06  3599,77  1714 2612,90 3832,19   2055 2876,00 4139,00 
Per ha:                      2175 3076,46  6479,59   2639 3664,33 7970,96   2671 2876,00 5794,60 
 
Profit/loss 
Per ha:                        -31   617,65  3220,99     -10  1159,26 4042,86    -138      8,63  1449,10 
Per tonne:                 -362  549,51   1789,44     -12   826,62  1943,68    -137      8,63  1035,07 
 

If the information in Table 5-18 is studied, it is seen that in season 2006, losses were 
incurred in the three selected provinces with sunflower production. In season 2007, a 
marginal profit was made in the Eastern Free State, compared to the returns in the 
Northwest province and the Northwest Free State. During the 2008 season, all three areas 
showed profits of more than R1 000/tonne for sunflower production. If similar comparisons 
are done for soya beans for the geographical areas stated in Table 5-19, it can be seen that 
2008 was a good season, but for only North K/Z Natal, production was profitable over three 
seasons. 
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Table 5-19  Production cost and profitability of soya bean cultivation for three 
production seasons in three geographical areas in South Africa 
 
Geographical area          Eastern Free State        North K/Z Natal                     Ermelo 
Season:                          2006     2007     2008     2006    2007    2008     2006     2007     2008 

Production cost/ha (R) 
Seed                                 -      152,00   336,00     -        294,00  356,00       -     185,00    - 
Fertiliser and lime             -      611,00   792,00     -        734,00  740,00       -     225,25    - 
Weed control                    -      117,00   132,00     -         376,00  256,00       -    230,00    - 
Pest control                      -        15,00     17,00     -        149,00  122,00       -      68,50     - 
Fuel                                  -      443,00    475,00    -        493,00   549,00       -    425,00    - 
Repairs and parts             -      422,00   493,00     -        355,00   412,00       -    345,65    - 
Crop insurance                 -        68,00   325,00     -         349,42   620,00       -   165,00    - 
Casual labour                   -          0,00       0,00     -           45,00     20,00        -    48,00     - 
Marketing cost                  -       10,00      55,00     -            0,00     86,00       -      65,00     - 
Drying and cleaning         -         19,00    131,00     -         82,00    25,00       -        0,00     - 
Permanent labour            -       248,00    212,00    -        235,00   303,00      -     226,25     - 
Production interest           -       156,06    264,45    -        240,94   289,65      -    156,90      - 
Contract work                  -          72,00    185,00    -        221,00     81,00      -    173,25      - 
Other costs                      -       135,00     373,00   -        192,54   373,00     -       95,00       - 
Total variable cost     2180   2468,06  3790,45 2320  3766,90 4151,65 2627 2481,30     - 
Machinery/equipment: 
Depreciation                    -     172,60   189,86       -      300,00   363,00    -      249,97         - 
Interest                            -     258,90   284,79       -      251,00   303,71    -      374,95          - 
Fixed improvements: 
Interest                            -        0,00        0,00      -          0,00     210,54     -         0,00        - 
Depreciation                    -        0,00        0,00      -          0,00        0,00     -          0,00        - 
Repairs/maintenance      -       34,00     37,40      -        48,00      58,08    -         36,46         - 
Total capital cost        466   465,50    512,05    756   773,00   935,33    661   661,38        - 
Total cost per ha:     2646  2933,56  4302,50  3076 4539,90 5086,98  3288 3142,68       - 
Yield (tonne/ha)          1,70      0,50        1,20    2,80      2,27       2,00     1,90      1,60       - 
Cost (R/tonne)           1556 5867,12  3585,41  1098 1999,96 2543,49  2160 1964,17       - 
Income 
Producer price (R/t)  1559  2191,58  4424,00  1448  2516,84 3740,00   1454 2200,00       - 
Per ha:                      2650 1095,79  5308,80   4054  5713,23 7480,00   2762 3520,00       - 
Profit/loss 
Per ha:                          4  -1837,77  1006,30   978    1173,32 2393,02      -526  377,32       - 
Per tonne:                     3  -3675,54   838,59    350      516,88 1196,51      -706  235,83       - 

 
 
From the tables it is evident that the profit (or loss) is affected by the producer price and the 
yield. Secondly, the figures obtained from published information could not be verified 
independently, but the shifts and trends in the details probably warrants further analysis.                            

5.6.4  Baseline projections for agricultural commodities 

 
Baseline projections for agricultural products are done to establish benchmarks to measure 
and understand exogenous shocks to a particular scenario. These shocks have factors of a 
temporary nature such as the weather and more permanent factors such as policy changes 
which can cause structural shifts in agricultural commodity markets. Secondly, role players in 
the agricultural industry can then assess the potential effects of in particular structural factors 
and formulate decisions accordingly.  
 
These baseline projections are outlook based on assumptions about a range of economic, 
technological, environmental, political, institutional and social factors [BFAP, 2009]. The 
BFAP sector model, for example, is an econometric, recursive, partial equilibrium model for 
each commodity and developed from a closed system of equations. If an event such as the 
economic recession that started in the second half of 2008, is not anticipated, then a new 
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equilibrium is established and projections will need to change. For the BFAP model this 
happened as can be seen if the 2008 and 2009 baseline projections are compared. 
 
In an informative dissertation “Capturing the Dynamics of the South African Sunflower 
Market in a Partial Equilbrium Framework” the BFAP model coverage was expanded to 25 
equations of which 11 are behavioural equations and the other 14 are identities [Van Zyl, 
2010]. From the work done by Van Zyl, as presented in his dissertation, the historic position 
on sunflower seed since the free market mechanism came into being in 1997 is shown. It 
also provides a projection for the period up to 2017. 
 
The BFAP models consistently show that sunflower oil will not be used for biodiesel 
production as the biofuels policy and projected price situations by the BFAP calculations do 
not render it profitable. It is useful to record the baseline projections for the South African 
sunflower oil market as done by Van Zyl in Table 5-20. According to Van Zyl, the same 
projections and methodology can also be applied to the other two crops referred to in the 
Biofuels policy, soybeans and canola. Furthermore, the sunflower data is compared with that 
from the BFAP model available from their 2009 document [BFAP, 2009]. For convenience 
the soybean projections from the BFAP baseline analysis are also shown. Nothing similar 
could be found for canola, but there must be some correlation between figures for it and 
those generated for wheat. This can be ascribed to the fact that in South Africa it is produced 
in rotation with wheat and under the same exogenous factors. 
 
Table 5-20  Selected baseline price projections and comparison for sunflower and 
soybeans 
 
                                     2007       2008       2009       2010       2011       2012        2013 
Van Zyl [2010] 
Sunflower seed        3 459,4   4 165,9   3 455,0   3 599,7   3 859,0   4 015,3       4 337,8 
domestic price 
Sunflower oil           7 186,1   10 742,4   9 546,3   9 785,2  10 104,7  11 122,2  11 938,2 
domestic price 
Sunflower oilcake    1 897,3     2 723,3   2 587,6   2 646,3    2 589,5    2 899,6    2 852,2 
domestic price 
 
BFAP (2009): 
Sunflower 
SAFEX price           2 956.0    4 657      3 256      3 368      3 738        3 966           4 173 
Sunflower oilcake    1 897       2 420      2 634      2 394      2 489        2 497           2 662 
market price 
Soybean  
SAFEX price           2 526       4 043      3 279      2 978      3 226        3 559            3 837 
Soybean oilcake     2 292       3 876      3 942      3 493      3 509        3 605           3 772 
market price  
  
From Table 5-20 it can be seen that the soybean oilcake market price is projected to be 
higher than for sunflower as the meal has a higher protein content. Secondly, the prices 
projected by Van Zyl and BFAP for sunflower seed compare well, noting that the projections 
by Van Zyl are more recent. As the oil content of sunflower is a constant factor, the 
sunflower oil prices as calculated by Van Zyl can be used for projections in this dissertation. 
In the retail market, there should not be much of a difference in the prices of sunflower oil 
and soya bean oil, as these two oils have similar, if not the same end use, the choice being 
made on perceived consumer preferences. Supply, whether ex-import or locally produced, 
then becomes a factor, but in a bigger picture, the oils compete and for the purposes of this 
study, prices can be assumed to be of the same order of magnitude.  
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5.7 OILSEEDS PROCESSING TECHNOLOGIES 

5.7.1 Overview 

 
South Africa is in a position to process the commodities identified as feed stocks for 
biodiesel production in terms of the facilities and the technology required. The country has 
eight fairly large oil seeds crushing companies, three of which are located in KwaZulu Natal 
[Nel, 2007]. No doubt there are also a number of smaller companies doing the crushing of oil 
seeds, like Majestic Oil Refiners located in Krugersdorp, Gauteng. Some large commercial 
farmers may have facilities doing the mechanical expression of oil from sunflower seeds. 
 
As can be concluded from the information presented in further paragraphs in this section, the 
crushing plants are capital intensive and operating in a very competitive environment. If 
dependent on the local production of oil seeds only, the crushing capacity utilisation in South 
Africa is problematic, as the feed stock to the plants is related to the volumes of the crops 
produced. Furthermore, as can be seen from Tables 5-15, 5-16, 5-18 and 5-19  recording 
crop production figures over a number of seasons, the volumes vary considerably from 
season to season. Imported oil seeds are also crushed and unrefined imported oils are 
processed and packed locally, or even exported to mostly other SADC countries.The 
sunflower oil seeds crushing industry is protected by a 10 percent import duty levied on 
imported edible oil and a 6,4 % ad valorem duty on sunflower oilcake respectively [Van Zyl, 
2010].   

5.7.2  Collection, harvesting, transportation and storage 

 
Whereas crops such as palm oil seeds, coconut and jatropha, even castor oil are normally 
collected manually, the three crops identified for biodiesel production in South Africa are 
harvested mechanically, as in other parts of the world. It is broadly accepted that mechanical 
harvesting is more economical for commodities, considering the volumes involved and the 
duration of the harvesting operation. 
 
It follows that the transportation of the harvested commodity is conducted as a bulk 
operation from the fields to the storage facility, be it the farm or where the processing of the 
commodity will take place. It is noted that in biodiesel feasibility studies, attention is paid to 
the availability of railroads as the process is about transporting the commodity as 
economically as possible. 
 
Storage of the commodity  will normally be in facilities suitable for handling bulky, low density 
substances. The activities under this heading have been practised for decades and do not 
warrant a more detailed description. There are certain issues to be observed, however, such 
as the dust explosive risk, and the practices associated with a particular commodity. As an 
example, sunflower oilcake meal has a storage life of four months [Van Zyl, 2010], and 
precautions need to be taken to protect the particular commodity from insect damage or 
moisture related problems. 

5.7.3  Extraction of oil from seed 

 
Oils have been extracted from seeds, beans and nuts for centuries. At first this was done by 
simply pressing the oil out of the material containing it, later the seed was wrapped in cloth 
and some devices operated by stones or levers were used to exert pressure and force the oil 
through the pores of the cloth. With time hydraulically operated rams or hand operated 
cylinder pumps were used. Improvements to hand operated devices came about through 
motorised hydraulic pumps and systems which released the products. These methods were 
followed by screw presses where the oil was released through the openings, but the cake 
worked by a worm type mechanism to a different exit point from the press.  
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There are limitations to the various mechanical devices that were developed for oil extraction 
from the oil bearing substances. In the extraction of rape seed, oil extraction efficiencies of 
58-82% have been attained with hole cylinder expellers and extraction efficiencies of 70-
88% with strainer oil expellers [Bernesson, 2004]. The main constraints are that high 
volumes cannot be processed continuously, the meal or cake overheats, causing a 
deterioration in quality or darkening and too much oil is left in the cake. 
 
Solvents for vegetable oil extraction came into use to overcome the constraints and became 
economical where storage, volumes, water, transportation and trained labour were available 
and suitable [Kessler, 1985]. Depending on the oil content of the material from which it is to 
be extracted and the volume of material available, it is not uncommon to have a combination 
of the main extraction mechanisms, mechanical- and solvent extraction, employed in larger 
plants [Bernesson, 2004]. 
 
Before providing more detail on the two main processes for oil extraction, a comparison of 
decentralised cold pressing to industrial extraction developed by Ferchau and Ansǿ and 
referenced by Adriaans is reproduced  in Table 5-21 [Adriaans, 2006]: 
 
Table 5-21  Comparison of seed extraction technologies [Adriaans, 2006] 
 
 

 
 

5.7.3.1 Mechanical expression 

 
Prior to 1940 mechanical pressing was the primary method used to extract oil [Adriaans, 
2006]. After dehulling or meats, the material was passed through a flaking mill after which it 
entered a screw press. In the screw press the oil was squeezed from the cake and then 
purified in line with the block diagram presented in Figure 5.13  [Adriaans, 2006]. Also, the 
mechanical expression can be done in stages to obtain more oil from the material or meats 
and additional cooling of the screw shaft could be employed to avoid build-up of heat in 
extracting the oil. Equipment is available to do small-sale extraction at community level. 
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Figure 5.13  Block diagram of mechanical extraction of oil from meats. (dehulled  
seeds or beans or nuts) 
[Adapted from Adriaans, 2006] 

 

5.7.3.2  Solvent extraction and refining 

 
Whereas mechanical expression normally does not involve sophisticated equipment and 
processes, the oil seeds industrial processes to produce oils for human consumption and 
many other uses are high volume industries. 
 
The seeds are firstly crushed, which may involve the process steps cracking, de-hulling, 
flaking and further conditioning involving moisture and heat, to produce a mixture of meal 
and oil. The oil and meal are then separated by one of the extraction processes using 
rotary/deep beds; horizontal belts or solvent extraction with a low boiling hydrocarbon like 
hexane. Other processes may utilise CO2 under pressure. This separates the oil from the 
meal which can then be ground, cooled and combined with other solid products from the 
crushing process [Gensolutions, 2006]. 
 
It is usual in mechanical extraction to obtain press cake with still an appreciable oil content, 
usually 5 – 6%, even after a two stage operation [Adriaans 2006]. With solvent extraction of 
oil from the press cake that may contain 15 – 18 % oil from the first stage, cake with an oil 
content less than 1% can be obtained.  
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Firstly, however, solvent extraction of oilseeds at less than 200 tonnes per day is not 
considered economical and there are plants in operation processing 4 000 tonnes per day 
[Kessler, 1985]. Secondly, the solvent extraction can be done in batches employing tanks 
with false bottoms as screens or metal slats, but even in these cases steam is then passed 
through the batch to vapourise residual solvent after having drained oil containing solvent 
from the tank.  
 
In the continuous process of solvent extraction the extractor is the heart of the process, but 
other unit processes are also done to desolventize the meal, recover the solvent and clean 
the oil from contaminants. Again the steps in the operation can be presented by  means of a 
block diagram as is being done in Figure 5.14 [Adriaans, 2006]: 
 

      
       
Figure 5.14  Block diagram of a solvent extraction process for recovering oil from oil seeds, 
beans or nuts 
[Adapted from Adriaans, 2006] 

Many solvents have been used to extract oils, in particular hydrocarbon and halogenated 
solvents, water and other non-petroleum types [Adriaans, 2006]. Usually hexane is used and 
therefore it is important to list its chemical and physical properties. Hexane is also mentioned 
as a co-solvent in some of the process routes described in Chapter 6 of this dissertation and 
for those operations it is important to record its properties in considering flow sheet work and 
design parameters. 
 
Hexane is a very volatile aliphatic hydrocarbon and a constituent in the paraffin fraction of 
crude oil. It is classified to be Class 1 health hazard with a Class 3 flammability code. It can 
occur as isomers but in oil seeds solvent extraction n-hexane is used. The hexane from the 
solvent extraction process is recovered by vapourisation and absorption. Economically it is 
important to recover the maximum amount of hexane possible from the operation. 
 
The properties of n-hexane are listed in Table 5-22. The information on hexane is provided 
in this section, but as will be seen from the work done in Chapter 6, it is important that these 
properties are considered in the process routes discussed in that chapter [www.atsdr.cdc 
accessed on 15 July 2010]. 
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Table 5-22  Physical and chemical properties of n-hexane 
 
 ---------------------------------------------------------------------------------------------------------------- 
     Characteristic/property                                       Information 
  --------------------------------------------------------------------------------------------------------------- 
Chemical name                                                        n-Hexane 
Chemical formula                                                     C6H14 

Chemical structure                                                   CH3CH2CH2CH2CH2CH3 
Molecular weight                                                      86.18 g/mol 
Colour                                                                      Colourless 
Physical state                                                           Liquid 
Melting point                                                             -95 ºC 
Boiling point                                                              69 ºC 
Density                                                                      0,6603 at 20 ºC 
Odour                                                                        Faint, peculiar odour 
Solubility                                                                   Insoluble in water, miscible with 
                                                                                 alcohols, chloroform, ether. 
Partition coefficients 
        Log Kow                                                             3.290 
        Log Koc                                                             2.90 
Vapour pressure                                                      150mm Hg at 25 ºC 
Henry’s law constant                                                1.69 atm-m³/mole at 25 ºC 
Autoignition temperature                                          225 ºC 
Flashpoint                                                                -22 ºC 
Explosive limits                                                        1.1 – 7.5% 
Conversion factor                                                     1ppm =3.52mg/m³ 
                                                                                  
 
Typical estimated requirements useful in planning an oil extraction solvent based system are 
given in Table 5-23 [Adriaans, 2006]. From these estimates the cost of utilities and labour 
can be calculated for a solvent extraction system, assuming feed stock at 1 000 kg/hr. 
 
Table 5-23  Estimated energy and resources requirements for solvent extraction 
systems 
 

 
 
In the U.S. a study was done on material and energy inputs for soybean processing in 1998. 
The results were updated by the National Oil Producers Association and differences were 
noted on water effluents, hexane consumption and energy used. The U.S. study was used 
by the United Soybean Board in its report which was incorporated in the DBFZ report used 
to do a comparison between biodiesel and fossil-based diesel in Chapter 3 of this 
dissertation [Oehmichen, 2010]. The relevant inputs/outputs are given in Table 5-24. 
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Table 5-24  Data for soybean processing per 1 000 kg of oil [Oehmichen, 2010] 
 
        Inputs                                                              Quantity per 1 000 kg oil. 
          Energy inputs 
              Electricity (kWh)                                         410 
              Natural gas (kcal)                                       1 569 000 
              Steam (kcal)                                               1 296 000 
         Total kcal of heat                                             2 865 000 
 
         Material inputs 
            Soybeans (kg)                                              5 891  
            Hexane (kg)                                                    11,9 
            Water (kg)                                                       19,4 
 
        Outputs 
            Soy meal produced (kg)                                4 478 
                                           % by mass                         82 
           Soybean oil produced (kg)                             1 000 
                                          % by mass                          18 
        Air emissions 
           Hexane (kg)                                                     10,15  
        Water effluents 
           Water (kg)                                                       453 
       Fats, oil and grease (kg)                                       5,0 
      Triglycerides (kg)                                                   4,9 
      Unsaponifiable matter (kg)                                    0,08 
      Free fatty acids (kg)                                              0,04 
      Non hazardous solid waste (kg)                            46 
 
 
In another study the energy used to crush, dry and process soybeans into soybean meal 
was valued at 1,74 MJ/kg (1.5 million Btu/t) [Nelson, 2006]. 
 
Table 5-25  Data for refining crude soybean oil for non-consumer use [Nelson, 2006] 
   
    Input or output                                                       Quantity per 1 000 kg refined oil. 
 
       Crude, degummed soy oil (kg)                               1 042 
       Caustic soda (kg)                                                       2,3 
       Water (l)                                                                    156 
       Electrical energy (Btu)                                          15 223 (16,06 MJ) 
       Steam energy (Btu)                                               56 644 (59,76 MJ) 
 
Outputs 
      Refined soybean oil (kg)                                         1 000 
      Soap stock (kg)                                                           7,4 
      Waste water (kg)                                                        123 
      Water (kg)                                                                  90,1 
      Unsaponifiable matter and lost glycerides (kg)          14,9 
      Saponifiable oils and fats (kg)                                   18,0 
 
                                   
The oils will most probably contain undesirable contaminants which will have to be removed 
to achieve consumer acceptance. To then refine the oil, a number of processes are 
available, with the choice of process or combination of processes dependant on the end use 
of the oil and the impurities contained in the oil. Relevant processes are: 
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 * De-gumming 
 * Deodorization 
 * Free fatty acid reduction by 
  - Steam Stripping 
  - Caustic Stripping 
  - Solvent Extraction 
  - Glycerolysis 
  - Acid esterification 
 *Hydrolysis 
 *Bleaching 
 
Oils with an appreciable content of phosphatides, vegetable mucilage and colloidal 
compounds are usually degummed. The principal methods used are water de-gumming for 
hydratable gums where the phosphatides become water insoluble through hydration, and 
are precipitated or mechanically removed. For non-hydratable gums acid de-gumming is 
used, where the action of a strong acid added is to destroy the phospholipids and the 
product is treated with hot water so as to facilitate its removal, usually through mechanical 
means such as centrifuges. 
 
The free fatty acids are removed using one or more of the processes mentioned above. In 
the standard neutralisation process these acids are converted into soap stock by the addition 
of caustic soda, after which a process like centrifugation is used to remove the soap stock. 
Sometimes a second neutralisation step is done to improve the colour of the oil, or hot water 
is again added in one or two stages to the product, followed by mixing. This will enable any 
residual soap stock to be removed. 
 
The special processes such as filtration, deoderising and clarification of the oil, are all used 
to enhance its consumer appeal, but in the case of biodiesel production, are more so used to 
make subsequent steps after transesterification less complicated in eliminating sources of 
contamination and emulsification. Sometimes winterization is used to remove waxes, stearin 
or other substances with a high melting point, which crystallise at low temperatures causing 
the oil to become cloudy [CENTRIMAX, 2008]. 
 
For the production of biodiesel, as will be discussed in Chapter 6, the feed stock 
characteristics have a bearing on the unit processes to be employed in the conversion 
process, and having to refine the oil prior to conversion, will involve some of the processes 
discussed in this section. It may be necessary to then consider the costs associated with 
these processes, as will be further discussed in Chapter 7.   

5.7.4  Rendering and animal fat extraction 

 
The United States Department of Agriculture (USDA) defines rendering to be the process of 
heat-treating fat, bone, offal, and related material derived from carcasses of livestock, 
poultry, and fish, and used cooking fats and oils [Lόpez, 2010]. Considering the fact that the 
U.S. alone produced some 56,7 billion kilograms of meat derived from cattle, broilers, hogs, 
and turkeys in 2007, with animal fats and greases produced reaching 4,5 billion kilograms, 
this is an important feed stock for biodiesel production. The figures exclude fats available 
from rather unconventional sources such as alligator fat of which 6,8 million kilograms/year 
are disposed of in landfills but has been found to be a suitable feed stock to produce 
biodiesel to ASTM specifications [Ayalasomayajula, 2011]. In South Africa, currently 
provision is not made in the relevant specification for the use of animal fats. 
 
If the supply available in the United States represents about one quarter of the global 
amount, the world has at least 16 million tonnes available of these oils, fats and greases 
[Song, 2009]. On a world wide basis the rendered lipids, consisting of a complex mixture of 
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saturated and unsaturated glycerides, glycerol, free fatty acids, water and other minor 
components, are a valuable resource. Edible products include margarine, cooking oil, and 
baking products. Inedible products include soap, candles and lubricants. 
 
The mix of meat consumption in South Africa is 48% white meat (poultry etc.); beef 39%; 
pork 7% and mutton/goat 6%. The per capita use of white meat changed from 6,24 kg per 
year in 1970/71 to 23,67 kg in 2005/06 with a 17,8 percent average increase during the last 
five years. The consumption of red meat decreased from 43,72 kg per capita per year in 
1970/71 to 22,46 kg in 2005/06 [Kriel, 2008]. For 2010 the South African Poultry Association  
(SAPA) predicted a consumption of 26,5 kg per capita with an increase to 30,8 kg by 2015. 
SAPA asserts that meat from poultry is the only form of meat that poorer people in the 
country can afford. In contrast to other parts of the world, very little of poultry slaughtered in 
the country is available as offal or related material and thus potentially available for biodiesel 
production [Lovell, 2010]. South Africa is the world leader in the ostrich industry with exports 
of R1,5 billion and providing employment for 20 000 people [Kriel, 2008]. The local 
consumption of ostrich meat is 1 400 tonnes per year with another 4 000 tonnes exported. 
The amount of feed stock for potential biodiesel production totals about 3 000 kg/day, but it 
is also used for animal feeds and cosmetics [Kruger, 2008]. 
 
From the rendering of dead stock and animal by-products made available in the meat 
processing industry, fat, grease, meat meal, blood meal, feather meal and bone meal are 
produced. The dead stock and animal by-products undergo a cooking process to produce 
liquid fats and solid meals. Following cooking, the fats are separated from the solid meals 
and processed for water removal. A flow diagram for the rendering process is presented in 
Figure 5.15. 
 

 
 
 
 
Figure 5.15  Simplified flow diagram for a typical rendering process. 
[Acknowledgment: Lόpez, 2010] 
 
Tallow is defined to be a mixture of the harder animal fats [Funk & Wagnalls, volume 2, 
1970]. As a generic term it is simply rendered fat. More specific terms are beef tallow, 
mutton tallow, poultry tallow or lard (for fat from pigs) [McPhail, 2006]. The colour of the 
tallow is determined by the breed of animal and/or the cleanliness of the raw materials from 
which it is derived. A distinction is also made between inedible tallow and edible tallow. In 
South Africa prices obtained  for the two grades vary from R1,20/kg for hard soiled fat to 
R4,00/kg for fat extracted from around the stomach of the animal [Louw, 2010]. 
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As one of the main products of rendering, its availability and characteristics has resulted in 
tallow and its derivatives having a diverse range of uses including candles, soap, chemicals 
and for human and animal consumption as a source of lipids as well as for frying, bakery 
shortenings and margarine manufacture [McPhail, 2006]. As tallow has a high energy value 
and comparable physical and combustion properties to commonly used fuel oils, it is used as 
a heating oil substitute. As an example, in Australian conditions for a plant processing 600 
head of cattle for export, the 36 tonnes of tallow produced per day will have a calorific value 
of 1 440 000 MJ [McPhail, 2002]. 
 
In the oleochemical industry the refinement of tallow results in the main derivatives: fatty 
acids, fatty esters and soaps. Glycerol is produced as a by-product, the processes being 
hydrolysis, transesterification and saponification. In hydrolysis tallow and water are 
combined at temperatures between 220-250ºC for 1,5 - 10 hours. Following further 
application of pressure and temperature, the resulting fatty acids are distilled at low 
pressures and a temperature of 200ºC to remove the impurities. These acids are further 
refined to make fatty alcohols, metallic soaps, fatty amines, fatty acid esters and fatty 
amides. In transesterification tallow fatty alcohols are produced through conversion to methyl 
esters at temperatures over 200ºC and hydrogenation. The tallow alcohol is then further 
refined into cetyl and stearyl alcohols. Saponification is done through one of two ways. The 
tallow is heated with sodium hydroxide at temperatures up to 105ºC and sent through a 
saponification column. More concentrated sodium hydroxide is added at 140ºC for about 
eight minutes and glycerol then washed out of the soap mass. In the batch saponification 
process, the tallow is placed in a pan with concentrated sodium hydroxide at about 95ºC for 
about three hours, with the resulting glycerol and soap being separated over a five day 
period [UK Government BSE Inquiry, 2000].  
 
As tallow is a cheaper feed stock than vegetable oil esters and is not in direct competition 
with the production of food, it has been used in the production of biodiesel and indeed a 
number of research reports are available discussing the process routes used [Judd, 2002; 
Lόpez, 2010]. It is also attractive as feed stock for biodiesel production because of bovine 
spongeform and caphalopathy (BSE) concerns [Nelson, 2006].               
 
Tallow quality is influenced by 10 factors: 
 

 Free fatty acids generally generated by enzymic hydrolysis and sometimes used as a 
guide to the freshness of the product. The free fatty acid content influences 
preferences for human use and the process route used in making biodiesel. During 
the storage of tallow above 65ºC, enzymic activity stops, but bacterial growth can still 
occur to increase the free fatty acids in the tallow [McPhail, 2006]. 

 Colour normally relating directly to the cleanliness of raw material. There are also 
well known differences between different breeds of cattle which develop because of 
caretenoid pigments available, absorption ability, conversion to vitamin A and 
deposition in fatty tissues. The differences in colour in cattle are not as great as those 
between cattle and other ruminant species like sheep, goats and buffalo which have 
white fat [McPhail, 2006; Dreyer, 2009]. Other factors affecting colour are nutritional 
setbacks, genetic variations and the type of processing applied during and after the 
slaughtering process. 

 Moisture, insoluble impurities and unsaponifiables as three properties are often 
grouped together under the acronym MIU, and all three contribute to the purity of the 
tallow. MIU is generally less than 1% for high quality tallow. Moisture content 
influences enzyme and bacterial growth and thus free fatty acid content. 

 Titre is a measurement of the solidification point of fatty acids in the tallow. The 
solidification points of various species produce various titres of tallow. The fat 
solidification temperatures range from those of poultry (31-35ºC); horse (36-38ºC); 
pig (36-40ºC); cattle (42-45ºC); sheep (45-48ºC). 
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 Iodine value is a measurement of the uptake of iodine by tallow and indicates the 
degree of unsaturation in the tallow. 

 Peroxide value measurement is used as a guide to the degree of oxidative rancidity 
in tallow which can be influenced by the amount of naturally occurring anti-oxidants 
and the presence of metal catalysts such as copper [McPhail, 2006]. 

 The stability of tallow is related to the change in peroxide value and can identify 
tallow that will oxidise more rapidly over time. Stability of tallow is important in stock 
feeds as the rancidity may yield tallow unpalatable to livestock. 

 Polyethylene contamination is specifically measured in tallow as it has a specific 
significance in soap-making by causing black specs in the soap and can also be 
deposited during cooling in equipment used in the processing of tallow derivatives. 

 
The cost for producing biodiesel from tallow and other animal fats such as poultry fat will be 
more comprehensively discussed in Chapters 7 and 8. In preparation for the relevant 
calculations and comparisons, the mass balances are of importance.These mass balances 
are presented in Figures 5.16 and 5.17. 
 
From the information available in the two mass balances, a number of observations can be 
made of critical importance for the findings in this study. Firstly, from 13 915 kg of cattle by 
live weight, 1 008 kg of rendered tallow is available with a FFA content of 11,2% and 1,3% 
water. This compares to 16 511 kg of poultry live weight that will yield 1 013 kg rendered 
poultry fat with a FFA of 3,8% and 1,8% water. Thus for poultry fat, process costs for 
biodiesel production will be less than for cattle tallow. Secondly, however, if the other two 
process routes developed in Chapters 6 and 7 are considered, neither the presence of free 
fatty acids, nor the presence of water, will present process problems for both the enzymatic 
alcoholysis  process route (ECA) or the supercritical alcoholysis process route (SCA). To the 
knowledge of  this researcher, neither of these two process routes have been critically 
evaluated for the commercial production of biodiesel from tallow. It will be necessary to look 
at issues like storage and report on properties as discussed in this section, before 
concluding on whether tallow in general is a viable option for biodiesel production.   
 

 
 
 
Figure 5.16 Mass balance for cattle tallow (fat) [Lopez, 2010] 
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Figure 5.17  Mass balance for poultry tallow (fat) for biodiesel production 
 
In considering tallow for biodiesel production, particular attention needs to be paid to the 
storage of tallow in the rendering plant during the manufacturing process as well as how 
tallow is handled prior to conversion into biodiesel. 
 
The rendering plant of the company Taylor Preston Limited located in Wellington, New 
Zealand, was actually visited during the course of this research and it was noted that 
particular attention is paid to storage as illustrated in the company Training Document RTD 
28 [Dreyer, 2009]. The Taylor Preston plant processes about 4 000 head of sheep, cattle, 
goats per working day at an export quality facility. Their RENDERTECH rendering plant 
processes 7 500 kg/hr of incoming material and produces 1 634 – 1 800 kg/hr of tallow. 
 
As shown in the photograph in Figure 5.19 in this section, the tallow is stored in three tanks 
fitted with steam coils that are thermostatically controlled to maintain a set temperature of 70 
ºC. The large tank has a capacity of 30 tonnes of tallow with its own pump and outlet. The 
two smaller tanks each have a capacity of 14 tonnes and share a pump and outlet to 
collecting tankers. Pump lines are blown clear with air during despatching and maintenance 
so as to prevent any blockage by tallow solidifying. Comprehensive written procedures are 
followed with regard to all operations with tallow, including regular sampling and quality 
control. 
 
The main issues to consider in tallow storage are that localised heating can increase the 
colour of the heated tallow and that storage below 65ºC can result in a dramatic increase in 
free fatty acids because of enzymic activity and bacterial growth [McPhail, 2006]. Also during 
the storage of tallow, solids and moisture will continue to settle and can be drained off 
regularly. If the rendering plant is not run continuously and new product is added to solid 
tallow, assuming the temperatures to be allowed to drop below the solidification point, 
layering will occur with moisture bands between layers. These will provide ideal sites for 
enzymic and bacterial growth causing the rapid formation of free fatty acids and deterioration 
of product. 
 
Tallow production is not seen to be a sophisticated process, but in view of its significance as 
a possible feed stock for biodiesel production, it is necessary to provide some detail on 
transferring tallow from the storage tanks to road tankers or to a possible conveniently 
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located biodiesel plant. Therefore two photographs of the valve and pump arrangements of a 
tallow plant are shown in Figure 5.18. 
 
 
 

 

 
 
Figure 5.18  Photographs of valve and pump arrangements on tallow tanks 
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Figure 5.19  Photograph of tallow tanks at Taylor Preston, Wellington, New Zealand 
 
Numerous research articles are available on the production of biodiesel from tallow. In 
Turkey a small scale production system provided the following parameters in a 6:1 methanol 
to tallow molar ratio at 60ºC and 1 hour reaction time facility: tallow used 30 kg, methanol 6 
706 g and NaOH 150 g introduced into the reactants by prior conversion to sodium 
methoxide. The fuel properties of the methyl esters is presented in Table 5-26 [Őner, 2009]: 
 
Table 5-26  Comparison of diesel and tallow biodiesel properties 
 
Properties                                                Diesel fuel                         Biodiesel 

 
Heating value (kJ/kg)                                42 700                              39 858 
Viscosity (mm²/s at 40 ºC)                          3,6663                              5,072 
Density (kg/m³ at 15 ºC)                              843,51                              877 (17 ºC) 
Cetane number                                               47                                     58.5 
Flash point (ºC)                                               58                                     30 
Pour point (ºC)                                                  -                                        0 
 
 
From the work in Brazil, which has a huge meat industry compared to South Africa, it was 
reported that with conventional parameters biodiesel from tallow was successfully produced. 
Tallow as a potential feed stock is important in South Africa because, assuming the per 
capita consumption of meat and poultry mentioned in this section and the calculations 
depicted in Figures 5.16 and 5.17, potentially 350 000 tonnes of tallow is available for 
biodiesel production. If 50% of this amount is used, then South Africa will be able to make all 
the biodiesel it requires, as stipulated in section 7.7.4, using tallow as a feed stock source. 
For process calculations, of particular interest was the molecular weight of beef tallow (838,5 
g/mol) for which 2259 moles of methanol (32 g/mol) was used, 2 259 moles of biodiesel 
(287,6 g/mol) obtained and 753 moles of glycerol (92 g/mol) generated [da Cunha, 2009]. 
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In South Africa there are some tallow batch plants  to make biodiesel. With a raw material 
input at R1,20 – R4,00/kg, methanol cost of R4,80/l and a production batch of 4 000 l, a 
biodiesel cost of R2,70/l can be obtained for the plant located at the Kiejane abattoir at 
Leandra, Mpumalanga [Jacobs, 2010]. In Chapter 8 in this study, costs for a commercial 
plant using tallow will be discussed in more detail. 
 

5.7.5  In situ transesterification of lipid bearing materials 

 
In the conventional process routes for the production of biodiesel, the acylglycerols 
subjected to transesterification are in the form of an oil or fat. The oils are extracted from 
lipid bearing materials, typically oil seeds, through oil presses or solvent extraction. In the 
former case it is often found that free fatty acids are also present, whereas in the latter case 
phospholipids and other products are also obtained when a solvent like hexane is used. In 
all cases, the feed stock obtained as a product, is more expensive than the source from 
which it is derived. 
 
There is therefore considerable merit in examining processes where the oil extraction step is 
not done [She, 2008].  Some work has been done on the direct preparation of biodiesel from 
lipid-bearing materials and viable process routes were suggested [Haas, 2004]. Interestingly, 
Haas et al. worked on a base catalysed process where no hexane was used or introduced, 
while She et al. followed earlier work on two phase solvent extraction (TSE), where the oil 
was leached by hexane which was not separated from the oil, but remained a constituent in 
the subsequent transesterification step. The hexane in the methyl ester formed during 
transeseterification was evaporated at 95ºC to obtain biodiesel from the oil phase. The 
hexane present also seemingly reduced the amount of wash water required for biodiesel 
purification as the polar compounds like glycerol, water and methanol remained in one 
phase with hexane and methyl ester comprising the other phase. The feed stock used was 
canola rape seed, with the TSE technology originally introduced to improve the quality of the 
canola oil. 
 
It is suggested that the objective by Haas et al. in their work was to avoid the use of hexane 
in the process. A good reason for this in the U.S. oil extraction industry from lipid bearing 
materials is that in the case of soybeans, as good as the solvent recovery process is, it is 
estimated that for every 3 000 tonnes of oil seed treated, about 3 800 l of hexane could be 
lost from the process [Haas, 2004]. 
 
Secondly, in later work Haas et al. researched the in situ process for other lipid bearing 
materials such as Distillers Dried Grain with Solubles (DDGS), meat and bone meal (MBM), 
showing that in situ transesterification can be applied to materials with relatively low values 
of lipids [Haas, 2007]. In the case of DDGS from maize (corn) oil  at 8,8 wt% and in the case 
of MBM from commercial rendering facilities, the lipid content was 9,1 wt%. 
 
Work done prior to the research by Haas et al. focused on acid catalysed transesterification 
of sunflower seeds, rice bran and ground soy beans, all using primary alcohols. 
Transesterification was slow and relatively poor product yields were obtained. Haas et al. 
used flaked soybeans, no hulls, and when drying the soybeans prior to the reaction, 
achieved 97,3% of the maximum theoretical efficiency [Haas, 2006]. A significant advantage 
in using the in situ transesterification process is that unreacted triacylglycerols do not appear 
in the ester phase, with a similar possibility for glycerol.  
 
Where alternative sources of lipids apart from the three identified feed stocks for South 
Africa are of value, more work leading to  a commercially viable plant is justified. With an 
ethanol from maize industry in the U.S. where in 2004, 7,3 million tonnes of DDGS was 
produced with an oil content of 8,8 wt%, this equated to 176 million  US gallons of biodiesel. 
Similarly 3,3 billion pounds of MBM with an oil content of 9,1 wt% was produced in the U.S. 
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in 2003., equivalent to 40 million US gallons of biodiesel. If the emphasis in South Africa is 
on using lipids in non-edible materials, further work on the economic feasibility of the in situ 
process is warranted. At present, the articles on in situ transesterification were written in a 
research mode and pilot plant work needs to be done on determining optimum conditions for 
the unit processes identified by the researchers mentioned.  

5.8  PRODUCTS FROM THE LIPID EXTRACTION PROCESS  

 
Vegetable oils and their derivatives have a vast number of uses and applications, ranging 
from food preparation and consumption, through use as fuels, to industrial and 
pharmaceutical applications. It is estimated that for palm oil alone, it is found in one in ten 
products on supermarket shelves, including bread, crisps and cereals as well as lipstick and 
soap [Beh Lih Yi, 2009]. Unilever, a multi-national company manufacturing products such as 
Dove soap, Ben & Jerrry ice cream and Stork magarine, consumes around 1,3 million 
tonnes of palm oil each year [Koswanage, 2010]. 
 
Another source states that Unilever consume about 1,9 million tonnes of palm oil a year, its 
annual order with PT Smart, a subsidiary of Sinar Mas in Indonesia worth $32 million 
[Supriatna, 2010]. A second buyer of palm oil is the multi-national Nestle, who also stopped 
buying from Sinar Mas in Indonesia following a Greenpeace report on the clearing of rain 
forests for palm oil plantations [Wulandari, 2010]. Nestle is the world’s biggest food company 
and buys 0,7% of the global production of palm oil, i.e. 320 000 tonnes. With the pressure by 
Greenpeace on one of its products, Kit Kat chocolate wafer bars, this is probably a reason 
why it wants to shift its ‘green’ purchases of palm oil, currently at 18 percent, to 50% by the 
end of 2011 [Koswanage, 2010 (May 18)]. 
 
 Mineral oils only replaced vegetable and animal oils and fats after the advent of the 
Industrial Revolution and the evolution of the crude oil refinery business. Never the less, 
there are still some driving forces suggesting the use of vegetable oils and their derivatives 
instead of mineral oils. These reasons focus on biodegradability, ecotoxicity, protection of 
water, nature and soils, renewability of the feed stock, protection of worker’s health and the 
attraction to reduce CO2 emissions [Bondioli, 2004]. 
 
For industrial applications a distinction can be made between the use of vegetable oils and 
derivatives. Derivatives would, for example, be fatty acid methyl ester which does not exist in 
commercially attractive amounts in nature. In the oleochemical world this compound and 
other esters will be mostly derived from two feed stocks, namely free fatty acids and 
triglycerides. 
 
Vegetable oils and their derivatives are utilised in lubricants and hydraulic fluids, in 
automotive, aviation, refrigeration and compressor applications, two-stroke engines, chain 
saws, production of bio greases and lubricants in the food industry, quenching oils for metal 
tempering, paints and varnishes, concrete demoulding agents and hydraulic elevators 
[Bondioli, 2004]. 
 
The simple alkyl esters of fatty acids have numerous established uses in the food, rubber 
and metal processing, and synthetic lubricant industries. Fatty acid methyl esters (FAME) 
are the predominant esters consumed, with a year 2000 global consumption of one million 
tonnes [Haas, 2004]. In addition, FAME are the favoured material for the production of fatty 
amides, more complex esters, ester sulphonates, and fatty alcohols with a world 
consumption of 6,2 million tonnes in 2000. 
 
In particular, fatty acid methyl esters are important intermediate products in oleochemistry as 
they are used for the production of different special products in many applications such as 
esters for cosmetics [Jordan, 2001]. Derivatives of fatty acid methyl esters are shown in 
Figure 5.20. 
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Figure 5.20  Some fatty acid methyl esters applications [Jordan, 2001] 
 
The fatty acid methyl esters can be produced by esterification of fatty acids formed by the 
hydrolysis of fats and oils or directly by transesterification of the natural triglycerides with 
methanol, but in both cases the co-product is glycerol [Jordan, 2001]. In hydrolysis the 
glycerol occurs with a significant amount of water and the purification of glycerol will result in 
significant energy consumption. Alkaline transesterification is discussed in detail in Chapter 
6, as well as the alternative process when specifically aimed at the supercritical process 
route for biodiesel production. Traditionally, the latter conversion takes place at high 
temperatures of 200-240˚C and corresponding pressures of more than 50 bar. In 
transesterification at low temperatures soap formation between the catalyst and free fatty 
acid is problematic, as the soaps do not have catalytic performance at the chosen reaction 
conditions [Jordan, 2001].   
 

5.9  MARKETS FOR FEED STOCKS AND PRODUCTS 

 
Globally oilseeds and fats and the products obtained from the various processes associated 
with the value chains of these commodities represent huge investments,  turnover, trade and 
taxes for countries, multi-national organisations, legal entities and human society in general. 
These commodities are traded on an international basis and prices are quoted on a number 
of bourses on all the continents, for example Bursa Malaysia and locally SAFEX. There are 
literally thousands of products in the different value chains, in the case of glycerine, obtained 
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in reacting triglycerides (acyl glycerols), some 1 600 uses, and thus products and derivatives 
have been identified as is mentioned in Chapter 6. Also, oilseeds and its products have been 
known and available to society and living organisms for millennia and the lipids are an 
integral part of the food chain. 
 
As the markets for feed stocks and products cover such a vast scope, only a few topics will 
be highlighted in this section as background to understanding some dynamics associated 
with biodiesel. As was discussed in Chapter 2, oilseeds feature in the food versus energy 
debate, climate warming, the peak oil debate on fossil fuels, the poverty issue and the 
fundamental concern about the role of agriculture with the increase in human population and 
dwindling resources. 
 
Oilseeds and the associated oils are more important in Eastern diets than in the culinary 
habits in Western society. Whereas the production of soya oil cake meal is of major 
importance in the U.S.A. for the use in animal and poultry diets, the oil derived from palm 
seeds and kernels is a staple commodity in Asia, for example in Indonesia and Malaysia, as 
is coconut in the Philippines. Therefore, a country like Indonesia differentiates on export 
taxes between crude palm oil (10%) and biodiesel (2%) to restrict the flow of palm oil to 
other markets and guarantee the supply of cooking oil in the home market [Loo, 2010]. 
 
For South Africa (SA), although its population of Asian descent (mainly Indian) makes up 
only 2,5% of the total population, the expenditure of this population group on sunflower oil is 
estimated at 33% of the total SA expenditure of the most important vegetable oil produced in 
the country [NAMC, 2004]. As  mentioned earlier, South Africa is a net importer of vegetable 
oils and oil cake meals, but also exports oils to mainly other countries in Africa. The various 
oil cake meals are ranked amongst the top five agricultural import commodities [Vink, 2002]. 
 
The market for oils in South Africa spans from the retail market to the export market. Year 
2000 figures for sunflower oil indicates 18% going into the retail market, 11,5% going into the 
industrial market and 25% exported. It is a sophisticated market underpinned by five factors, 
these being changes in world prices of food commodities including oils, a lack of competition 
beyond the farm gate, fluctuations in the strength of the Rand as a currency, shortages and 
surpluses of food commodities because of events in nature such as droughts and floods and 
lastly, particularly for South Africa, land reform uncertainties and more generally instability in 
parts of Central and Southern Africa [Vink, 2002].  
 
The total oilcake available for marketing in the period 1 April 2009 to 31 March 2010 was 1 
743 137 tonnes of which 1 042 106 tonnes were imported (66 300 tonnes of sunflower and 
829 000 tonnes of soya oilcake, smaller quantities of cotton oilcake and others) 
[Briedenhann, 2010]. Included in projections for 1 April 2010 to 31 March 2011, the canola 
crop estimate was 38 500 tonnes. The oil seeds will yield an estimated local production of 
747 441 tonnes with the balance of the projected requirements of 1 700 000 tonnes to be 
imported. In terms of marketing, the oil cakes from the various oilseeds are important 
constituents of products marketed by AFMA members, although full fat soya beans (164 840 
tonnes in 2009/2010) and sunflower seeds are also included in the products sold. If maize is 
allowed to be used for ethanol production, the distiller’s dried grains and solubles (DDGS) 
generated in the process will be a competitive product to oilcake meals and the markets for 
the respective products will change [Meyer, 2008]. 
 
The market for biodiesel as a first assumption will be mainly as a blend with diesel so as to 
comply with the wishes expressed in the Renewable Energy White Paper. The figures 
projected for this market are tabled in Chapter 7. In other countries biodiesel is also sold into 
niche markets such as marine diesel applications, for diesel engine use in nature reserves 
and underground mining uses. In terms of its different composition and characteristics, such 
as greater solvency power, biodiesel has specific applications, as for example, it was used in 
the BP oil spillage disaster in the Gulf of Mexico in 2010. Here the biodiesel was sprayed 
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onto contaminated vegetation, where it associated with the crude oil and the resultant 
product could be washed off the vegetation and collected. 

5.10  IMPORT AND EXPORT PARITIES 

 
When a price for a commodity like maize or oilseeds is said to be the export parity price, it is 
then the price that the commodity is being exported at [van Rooyen, 2010]. Such price 
includes the price paid for the producer and the on-costs to a port for export. Conversely, the 
import parity price will be the price paid for the commodity at the port of import, including the 
costs from a free on board (fob) position at the port of export from the country of origin and 
the on-costs such as shipping, insurance, import tariffs, documentation and delivery to the 
port of import. In terms of quoting the import parity price for the commodity, it is the price 
paid taking the above costs into account, even if the source of the commodity were a local 
producer. 
 
Prices for grains produced in the South African summer rainfall area are subject to free 
market mechanisms. This changed from the position prior to 1996 when, for example, a 
single-channel pool scheme operated which regulated the marketing of oilseeds and oil seed 
products [Van Zyl, 2010]. 
 
 Prices for producers can be dramatically influenced by demand and supply, as prices will 
tend towards an export parity price if the supply in the South African Customs Union area 
(SACU) is higher than the demand. If there is an oversupply, the price to the producer may 
go lower than the export parity price. If there is a local shortage, import parity prices will 
prevail [GraanSA, 2009].  
 
Import parity prices are influenced by international factors such as weather concerns in other 
parts of the world and demands by big users such as China. Another factor that influences 
prices will be the relative strength of the Rand that will stimulate imports. Depending on the 
product, parity prices will be calculated at a port such as Durban (sunflower, soy beans) or 
Cape Town (canola). Whereas for canola, Swellendam is a starting point for export parity 
calculations, Randfontein in the Gauteng province is quoted for both sunflower and soy 
beans. The transport cost for these two products accounts for the difference in export parity 
prices as can be seen from Table 5-27 giving values provided from statistics published by 
GraanSA as on 27 November 2009: 
 
Table 5-27  Safex prices compared to import and export parity prices at different ports 
 
Commodity                      Canola (R/t)        Sunflower (R/t)                 Soya beans (R/t) 

Parity port          Swellendam Cape Town   Durban Randfontein      Durban Randfontein   
 
Import               3 925,82         3 671,82        4 017,50   4 271,50      3 528,58   3 782,59 
 
Export               2 474,35         2 730,68        2 795,44   2 513,58      2 767,58   2 513,58 
 
Safex price                3 300                                   3 110                           3 020 
 
 
 
By comparison, the trading price for crude palm oil on Bursa Malaysia at the end of October 
2010 was MR3,055/tonne ($989/tonne) [Loo, 2010]. This equates to a free on board (fob) 
price of R6 923/tonne at the end October 2010 exchange rate of US$1:R7 or R7 417/tonne 
at the standard exchange rate of US$1:R7,50 used in this dissertation. To the fob price 
shipping and insurance charges need to be added to arrive at an import parity price. 
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The South African market for vegetable oil is of the order of 1 million tonnes of which 
approximately 30 % is sunflower oil [Van Zyl, 2010]. South Africa is a net importer of 
vegetable oil and oil seeds and, as a small nation in terms of vegetable oil consumption, 
classified as a price taker on the world market. 
 
Local sunflower crude oil prices are based on the import parity prices of Argentinean 
sunflower crude oil. Any changes to the local sunflower price will be due to a change in the 
import parity which will be due to a price change of Argentinean oil; the Rand/ US Dollar 
exchange rate and shipping and related costs. It follows that sunflower oil and sunflower 
oilcake meal prices will follow the world prices for these commodities as these prices are 
also the key determinants for the Argentinian prices. 
 
If Table 5-27 (compiled by Van Zyl) is studied, calculating the local- and ex import availability 
and consumption of the major vegetable oils in South Africa over four seasons, it can be 
seen that in all cases imported oil volumes considerably exceed local volumes available. For 
assuming costs of the nominated and prescribed feed stocks for biodiesel, a fair assumption 
will be to work on import parity prices. 
 
Table 5-27  Calculated availability and consumption of vegetable oils in South Africa 
 
Season                                     2004                 2005                   2006                  2007 

                                                                         Tonnes 

Locally produced oil: 
Soybean                                     5 850                9 756                 22 968               24 066 
Sunflower                               249 546            238 564               170 772             136 192 
Canola                                       9 205              10 325                  12 145               13 300 
Groundnut                                 1 040                1 880                         40                    280 
Total produced                     265 641            260 525               205 925             173 838 
Net imported oil: 
Soybean                                 173 945            217 826               253 508             271 981 
Sunflower                                 82 852              19 391               102 322             156 674 
Groundnut                                     -36                   -103                         8                     -41 
Palm                                       484 706            400 000               291 566             298 091 
Palm kernel                                  -                       -                       38 119               32 688 
Total imports                        741 467            687 114                685 523            759 393                  
Total available and consumed: 
Soybean                                 179 795            227 582                276 476            296 047 
Sunflower                               332 398            257 955                273 094            292 866 
Canola                                       9 205              10 325                   12 145              13 300 
Groundnut                                 1 004                 1 777                          48                  239 
Palm                                       484 706            400 000                291 566            298 091 
Palm kernel                                  -                       -                         38 119              32 688 
Total available                    1 007 108          897 639                  891 448           933 231 
[Source: Van Zyl, 2010] 

 
 
In contrast to the local sunflower oil price which is based on the Argentinean price, the local 
sunflower oilcake price is based on the local soybean oilcake price which is determined by 
the Argentinean soybean oilcake price [Van Zyl, 2010]. Secondly, the local production of 
canola is very small by world standards and potential imports for biodiesel feed stock  will be 
based on the import parity price. Lastly, from the calculations by Van Zyl for sunflower oil, it 
can be seen that import parity price in Gauteng is marginally higher than the local sunflower 
oil price in a consistent way for the period 1997 - 2017 [Van Zyl, 2010]. In contrast the 
calculated export parity price differs by about R2 000/tonne (2008; 2009) compared to an 
estimated difference of R500/tonne between the import parity price and the local oil price 
(the latter being the lower price). 
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In the estimates compiled in later chapters of this dissertation, the price of feed stock is 
taken to be a local price of R10 390/tonne. If this price is compared to the Rotterdam prices 
for the main four oils, the seeds being soybean-, sunflower-, palm-, and rape seed, the 
January 2011 Rotterdam price was R10 441,75/tonne using the exchange rate of US$1 = 
R7,50. This compares to a 2008 average price for the four main oils of R10 188,75 
[Gunstone, 2011].  
 
If prices for vegetable oils in South Africa remain linked to world prices on an import parity 
basis, it can also be assumed that these prices will follow the same trends in the near future. 
It seems as if new factors, instead of fossil crude oil movements are now becoming price 
determining variables. These factors are the global growth in population and per capita 
incomes, increasing per capita consumption of animal products and rising energy prices 
[Trostle, 2011]. Poor climatic conditions are also a factor, so is the  of 4 - 5 million tonnes 
increase in demand for vegetable oils per year [Gunstone, 2011]. Considering the above 
facts, it can be stated that the price being used in the estimates in this dissertation, is not 
conservative but realistic. 

5.11 SUMMARY OF TOPICS COVERED IN THIS CHAPTER 

 
In this chapter lipids are defined and the issues discussed on some potential feed stocks 
such as algae, jatropha, castor oil and  waste cooking oil (WCO). Biomass and some other 
crops that can be considered for biodiesel production, are also covered. Some limitations on 
the use of these crops are mentioned, including their potential as alien invasive species. 
 
The volumes, yields, land requirements and prices for the most important oil seeds that can 
be utilised for biodiesel production, are reviewed. Trends are considered and the local cost 
for imported vegetable oils projected. 
 
A qualitative assessment is done for the resources required for biofuels production and more 
detail is provided on land and water. The water picture and some other parameters in South 
Africa are discussed, as well as the potentially suitable areas for the main feed stocks stated 
by the National Industrial Biofuels Strategy; canola, sunflower and soya beans. The suitable 
areas for the production of these crops overlap in South Africa. The production costs and 
profitability are examined for soya beans and sunflowers in some production areas in South 
Africa. 
 
Oil seeds processing technologies are reviewed and the rendering/animal fat extraction 
industry discussed in some detail. Based on mass balances, there is enough tallow as feed 
stock in South Africa to satisfy the projected biodiesel requirements. In situ biodiesel 
production is mentioned and other markets for oil seeds and derivatives are discussed. For 
the cost estimates presentated in Chapter 7, input costs for relevant biomass oils can be 
taken to be R10 390/tonne for the main oils and R4 000/tonne for tallow respectively. The 
chapter is concluded with considerations on import and export parities. 
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6 TECHNOLOGY FOR THE PRODUCTION OF BIODIESEL  
 

6.1  INTRODUCTION 

 
As described more comprehensively in Chapter 2 of this dissertation, the current major 
sources of energy are linked to the element carbon in some way or another. Exceptions are 
hydroelectricity and nuclear energy, as well as electricity derived from wind, ocean currents 
and solar energy capturing devices. For these sources, technology is still being developed, 
compared to coal, petroleum, charcoal, natural gas and biomass. On the other hand, there 
are concerns about the extent and future availbility of some  sources of energy, in particular 
petroleum and its derivatives, with predictions that supplies will be exhausted by the end of 
the next century. Sources that are seen to be renewable and potentially inexhaustible in the 
context of current needs, are receiving considerable attention, but the technology associated 
with their extraction and use has not reached the degree of maturity of, for example, the 
petroleum industry as yet. A particular area, where relevant technology is replacing less 
sophisticated and researched production processes, is the biofuels sector, one product in 
this category being biodiesel. 
 

6.2  THE CHEMISTRY ASSOCIATED WITH BIODIESEL PRODUCTION 

 
A point of departure from a chemical engineering perspective in harnessing and developing 
the technology around biodiesel production, is a thorough awareness of the chemistry and 
understanding the principles, reaction rates and other parameters for a particular set of 
chemical reactions and physical properties being used in an industrial process. In this study 
the commercial production of biodiesel is being considered, biodiesel by definition being a 
mixture of alkyl esters mostly derived from lipids. 
 
As discussed in more detail in Chapter 5 where feed stocks are evaluated, lipids are a large 
class of biological compounds whose molecules are dominated by hydrophobic aliphatic 
groups. Fatty acids are the simplest lipids and are also components of other lipid categories. 
Fatty acids can be saturated (with no double bonds between the carbon atoms) or 
unsaturated (containing as many as six double bonds). If a fatty acid contains two or more 
double bonds in the structure, it is “polyunsaturated” [Dunford, 2007]. It seems as if the 
degree of saturation is not a key issue in the chemical reactions, but it has importance in 
terms of physical properties of both the particular feed stock and the products (the alkyl ester 
or biodiesel). Thus viscosity, cloud/pour point, storage stability and decomposition at 
elevated temperatures have to be considered. 
 
Triacylglycerols (TAGs) are the most abundant lipid category; they are the main constituent 
of adipose tissue and the largest energy depot in the body, being the main component of 
animal and human fat, as well as vegetable oils. They consist of a glycerol unit and three 
fatty acid units. The part of the fatty acid connected to a glycerol oxygen in a triacylglycerol is 
called the acyl group. As an example, the acyl group of palmitate is called the palmityol 
group. 
 
The relative abundance of triacylglycerols – often also referred to as triglycerides – and 
some of their other characteristics, such as energetic content, molecular structure and 
similarity in performance to the middle distillate petroleum product diesel, have led to the 
focus on them as a fuel for ignition compression engines [Schuchardt, 1998]. Due to high 
viscosity and low volatility, these compounds do not burn completely on combustion and 
form deposits in the fuel injectors of diesel engines [Dossin, 2006]. However, there are no 
technical restrictions to the use of different triglycerides, as in vegetable oils sourced from 
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different oil seeds, plants or other forms of biomass, despite their diversified composition in 
terms of fatty acids [Schuchardt, 1998]. 
 
In Chapter 3 of this dissertation more information is provided on products made to emulate 
diesel, but these compounds do not fit the definition of biodiesel as stated in section 1.3.1.1. 
Some methods to produce these fuels are (a) dilution; (b) microemulsions; (c) pyrolysis; (d) 
catalytic cracking; (e) thermal cracking or decomposition; etc. [Chen, 2009; Singh, 2004]. Of 
commercial importance are esterification and transesterification, respectively and these two 
mechanisms will be more fully discussed in terms of the chemistry involved. This selection is 
made because both mechanisms involve the change from fatty acids and triacylglycerols, 
respectively, to the corresponding alkyl esters. 
 
Esters are compounds which are formed when the hydroxylic hydrogen atom in oxygen 
acids is replaced by an alkyl group. The acid may be organic or inorganic [Finar, 1964], but 
the most important esters are derived from carboxylic acids CnH2nO2 

 
Acid + Alcohol ↔ Ester + Water 

 
More particularly, using sulphuric acid as a catalyst: 
           H2SO4 

 R∙COOH + R’OH     R∙COOR’ + H2O                        6.1 
 
The reaction -6.1- is reversible, the forward reaction being known as esterification, and the 
backward reaction as hydrolysis. Sulphuric acid functions as both a catalyst and a 
dehydrating agent, introducing the idea of the removal of products and water by distillation, 
or using a heterogeneous dehydrating agent as a catalyst to make separation easier. In the 
laboratory esters may be prepared by a number of other ways such as using metallic oxide 
catalysts at high temperatures; treating an acid with an olefin in the presence of boron 
trifluoride; reacting acid chlorides or anhydrides with alcohols, to name but some ways. 
 
When hydrolysis is carried out with an alkali, the salt of the acid is obtained and since the 
alkali salts of the higher acids are soaps, alkaline hydrolysis is known as saponification -6.2-. 
This reaction takes place far more rapidly than acid hydrolysis. 
 

 R∙CO2R’ + NaOH     R∙CO2Na + R’OH                   6.2 
 
Secondly, a number of ways are possible to convert esters into alcohols; the Bouveault – 
Blanc reduction; using lithium aluminium hydride; reacting the ester with hydrogen at 100 – 
200 atmospheres and 200 – 300°C over a chromite catalyst or reacting the esters with 
ammonia, an example of ammonolysis (which means, literally, splitting by ammonia) [Finar, 
1964]. When the reaction occurs through splitting by an alcohol, it is called 
transesterification. 
 
Transesterification is the general term used to describe the important class of organic 
reactions where an ester is transformed into another through interchange of the alkoxy 
moiety [Schuchardt, 1998]. A number of industrial processes utilise this reaction for the 
production of chemical compounds, as for example PET (polythene terephalate), where 
dimethyl terephalate is transesterified with ethylene glycol in the presence of zinc acetate as 
a catalyst. If an alcohol is used as the transesterifying agent, normally in the presence of a 
catalyst, the process is called alcoholysis. In this instance the alcohol component of the ester 
is replaced with a different alcohol. When the acid component is replaced with another acid, 
then acidolysis occurred [Peterson, 1991; (Hoffman, 1989)]. Examples are acrylic acid 
derivatives produced from the transesterification of methyl acrylate with different alcohols in 
the presence of acid catalysts and fatty acid alkyl or carboxylic esters where a variety of 
catalysts can be used. Using different raw materials, namely fatty acids (carboxylic acids), 
the alkyl esters known as biodiesel can be made, if care is taken to select certain catalysts 
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[Dalla Costa et al., 2005] or subjecting the feed stocks to high temperatures and pressures 
[Warabi, 2004]. The transesterification agent can also be an alkyl carbonate, still being used 
as a base catalyst, but in such a case different end products will be obtained [Fabbri, 2007]. 
 
The transesterification in 6.3 is an equilibrium reaction and the transformation to a different 
ester occurs essentially by the mixing of the reactants. The presence of a catalyst, the 
withdrawal of products and using a reactant in excess, accelerate the adjustment of the 
equilibrium, the general reaction being: 
 

               RCOOR’ + R”OH  RCOOR” + R’OH               6.3 
 
In practice a huge number of catalysts, ranging from metal alkoxides and other 
homogeneous catalysts to processes where heterogeneity is introduced, by for instance 
incorporating guanidines in organic polymers, are used in the synthesizing of chemical 
compounds [Schuchardt, 1998]. For biodiesel production it is useful to recognise the myriad 
of catalysts possible from an economic and technical perspective and discuss the classes of 
catalysts and their influence on engineering issues. 
 
In the transesterification of vegetable oils or animal fats, the  triacylglycerols or triglycerides 
react with an alcohol in the presence of a strong acid or base, producing a mixture of fatty 
acid alkyl esters and glycerol [Schuchardt, 1998]. Referring to the definition of alcoholysis of 
esters, the vegetable oil being a mixture of esters of fatty acids and glycerol, the glycerol 
component of the ester is replaced with an alcohol as depicted in Figure 6.1 [Peterson, 
1991]. 
  
 

         
 
Figure 6.1 The transeseterification reaction with vegetable oils 
                   
The overall process is a sequence of three consecutive and reversible reactions, in which di- 
and monoglycerides are formed as intermediates. The stoichiometric reaction requires 1 
mole of a triglyceride and 3 moles of an alcohol. To increase the yields of alkyl esters and to 
allow its phase separation from the glycerol formed, an excess of alcohol is used in the 
reaction vessel. 
 
There are a number of variables affecting the course and the speed of the transesterification 
reaction, which in turn is only one of the unit processes in the manufacture of biodiesel. It is 
useful to discuss the process routes, as will be done in section 6.6 of this chapter and the 
mechanisms associated with transesterification by considering the type of catalyst used. The 
relevant mechanisms are discussed in numerous research papers, the review by Schuchardt 
being the approach also followed in this study [Schuchardt, 1998]. 
 
In reviewing the mechanisms associated with transesterification and the definition of fatty 
acid alkyl esters (FAAE) or biodiesel, it needs to be noted that biodiesel can be synthesized 
by chemical, enzymatic (in vitro processes), and microbial (in vivo) processes [Röttig, 2010]. 
The fatty acid methyl esters (FAME) are not synthesized naturally, as opposed to fatty acid 
ethyl esters (FAEE) synthesized by eukaryotic micro-organisms, insects or mammals. The 
associated pathways and their function are very diverse and not completely understood. 
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Lipase-mediated synthesis of FAAE using wholecell biocatalysts and acyltransferase-
mediated in vivo synthesis of FAAE (microdiesel) for the purpose of this research are 
mentioned in section 3.2.3.4, Chapter 3, but will not be covered in depth as commercial 
successes and industrial plant volumes are not yet in existence. 

6.2.1  Acid – catalyzed process and mechanism 

 
The transesterification process is catalyzed by BrǾnsted acids such as sulphonic and 
sulphuric acid and give very high yields at elevated temperatures and comparatively long 
reaction periods. The mechanism  for a monoglyceride is shown in Figure 6.2 and can be 
extended to di- and triglycerides. The protonation I of the carbonyl group of the ester leads to 
the carbocation II which, after a nucleophilic attack of the alcohol, produces tetrahedral 
intermediate III, which eliminates glycerol to form the new ester IV, and to generate the 
catalyst H+. If water is present in the reaction mixture, carboxylic acids can be formed in 
competition to alkyl esters by the reaction of the carbocation II. 
 
In industry, a criticism of the acid-catalysed transesterification is the comparative speed of 
the reaction compared to alkaline transesterification. This may be due to the 
transesterification of small esters under acid-catalysed conditions being retarded by the 
presence of spectator polar compounds like water [Helwani, 2009]. As water can form water-
rich clusters around protons (solvent proton complexes) with less acid strength than 
methanol-only proton complexes and these are less hydrophobic than the methanol-only 
complexes, some catalyst deactivation may be expected with increased water 
concentrations. Secondly, some catalyst can be deactivated by hydration. Thirdly, increased 
water concentration affects transesterification more than it affects esterification. This is due 
to the presence of polar carboxylic functional groups in free fatty acids that allows the free 
fatty acids to interact readily with polar compounds, promoting the alcoholysis reaction 
[Helwani, 2009].    
 
 
 
 

 
 
Figure 6.2  Mechanism of the acid-catalyzed transesterification of vegetable oils 
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6.2.2  Base – catalyzed process and mechanism 

 
 If the feed stock has a low free fatty acid (FFA) or water content or is without phospholipids, 
base – catalyzed transesterification of triglycerides is preferred as the reaction rate for 
conversion is faster and alkaline catalysts are less corrosive than acidic compounds. 
 
For the mechanism of the reaction, as shown in Figure 6.3, the first step (Eq. 1) is the 
reaction of the base with the alcohol, producing an alkoxide and the protonated catalyst. The 
nucleophilic attack of the alkoxide at the carbonyl group of the triglyceride then generates a 
tetrahedral intermediate (Eq. 2), from which the alkyl ester and the corresponding anion of 
the diglyceride are formed. (Eq. 3) The latter deprotonates the catalyst, thus regenerating 
the active species (Eq. 4), which is now able to react with a second molecule of the alcohol, 
starting another catalytic cycle. Diglycerides and monoglycerides are converted by the same 
mechanism to a mixture of alkyl esters and glycerol. 
 
   Eq. 1:       

                  
 
 
  Eq. 2: 

           
  Eq. 3: 

                  
  Eq. 4: 

                    
 
Figure 6.3  The four equations depicting the mechanism of the base-catalyzed 
transesterification of vegetable oils  
 
It needs to be noted that the homogeneous catalyst does not have to be inorganic. In 
general organic bases produce milder reaction conditions and simplify manipulations 
[Schuhardt, 1998]. These bases will include amines, amidines, guanidines and 
phosophoranes. These organic bases have more complex structures, for example the 
guanidine 1,5,7-triazabicyclo[4,4,0]dec-5-ene (TBD). Although in general the activities of 
these catalysts follow their relative basicity, the catalytic site for access of methanol for 
proton transfer is dependent on steric hindrance. A guanidine such as TBD will be more 
reactive than a phosphorane with the added advantage that undesirable side products such 
as soaps will not be formed. As these catalysts can be heterogenized on organic polymers 
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and still operate using the same basic mechanism, mechanical/physical separation 
processes can be used more effectively in the production of the desired product. The 
molecular structures of these organic bases are shown in Figure 6.4 and it can be seen why 
steric hindrance can be an issue.    

 
 
Figure 6.4  Structures of organic bases 
 
As the equipment utilized in the transesterification reaction will differ in the case of 
heterogeneously catalyzed processes, it is conceivable that the mechanism will be different 
to that described for homogeneous catalysis. No evidence could be found in the literature to 
support such thinking. Other factors were mentioned such as reduced activity of the catalyst 
after deprotonation, compared to the homogeneous substance. Such behaviour could have 
been due to either the leaching of the catalyst or irreversible protonation [Schuchardt, 1998]. 
In the leaching process, less catalytic cycles are produced. Activity reduction in the 
heterogeneous case is also possibly due to the hydrophobicity of the polymer chain on which 
the catalyst is anchored. When the the polymer contains “spacer arms”, an additional factor, 
electrophilic functional groups on the polymer chain is thought to accelerate the deactivation 
of the catalyst even more so. 

6.2.3  Reaction mechanisms with a biochemical catalyst present 

 
Reaction yields and reaction times for enzyme-catalyzed transesterification are significantly 
lower than for base catalysis. Other reaction variables such as the type of micro-organism to 
generate the enzyme, alcohol concentration and temperature are still being studied but in 
essence the process can be seen comparable to heterogeneous catalysis utilizing packed 
towers, or separation of the catalyst after the reaction [Demirbas, 2005]. Utilising packed 
towers or separation of the enzymes is actually dependant on whether free enzymes or 
immobilsed enzymes are used. Reaction mechanisms for the two process routes are not 
substantially different as discussed below. Economies are however different, as will be 
briefly discussed. The issue is that freeze-dried enzyme powders are allergenic if inhaled in 
the reactant charging process. Aqueous solutions of enzymes with stabilizers to prevent 
enzyme denaturation and preservatives to prevent microbial growth are thus used if large 
scale operations are considered, but it seems as if the use of free enzymes is restricted to 
batch systems [Nielsen, 2008]. 
 

Stellenbosch University http://scholar.sun.ac.za



154 
 

Enzymes can be immobilized by absorption onto a membrane such as a textile fabric [Nie, 
2006]. If the immobilized enzymes are loaded into packed towers, it allows for easy 
implementation of a continuous process. Otherwise immobilized enzymes can be recovered 
and re-used by a unit process such as filtration. In the transesterification process, 
operational stability is achieved and a lower amount of process water may possibly be used, 
compared to aqueous free enzyme formulations. However issues such as stability towards 
alcohols, use of solvents and the build up of glycerol still have to be considered. 
 
The mechanism of lipase-catalysed transesterification is proposed as four steps as 
presented  in Figure 6.5 [Röttig, 2010]. 
 
 
 

 
 
Figure 6.5  The mechanism of lipase-catalysed transesterification [Röttig, 2010] 
 
In step 1 the histidine residue attracts the hydrogen atom of the hydroxyl group of serine 
building an oxygen anion. It attacks a carbonyl atom of the TAG resulting in tetrahedron 
intermediate I. In step 2 the proton of the histidine is transferred to the separating DAG 
yielding an acyl enzyme intermediate. In step 3 the serine esters interact with the alcohol 
molecule to yield the tetrahedron intermediate II. In the fourth step, the FAAE molecule and 
the free enzyme are released. 
 
A research paper reviewing whole cell biocatalyst-mediated alcoholysis pointed to the 
advantages of this route to potentially reduce the cost of the biocatalyst. In such a case 
fewer steps are used in the procedures to prepare it for use in the biodiesel conversion unit 
process [Du, 2008]. Basically with this approach the purification and immobilisation steps are 
not necessary when cultivating, separating and then using the biocatalyst. Noting that 
R.oryzae as a whole cell catalyst producing intercellular lipase was used, it was also said 
that issues such as scaling up, process optimisation still need to be addressed and thus it 
can be concluded that this albeit promising route is not ready for commercialisation as yet 
[Du, 2008]. 
 
In the in vivo synthesis or microdiesel route for FAAE, as discussed in Chapter 3, simple and 
sustainable carbon sources can be used [Röttig, 2010]. The essential enzyme is the 
acyltransferase WS/DGAT from the gram negative bacterium Acinetobacter bayli strain 
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ADP1. Several other micro organisms, plants, insects and mammalian species also possess 
the ability to synthesize FAEE, e.g. many yeasts and filamentous fungi such as Rhizopus 
arrhizas and Neurospora sp  [Röttig, 2010]. 
 
In nature enzymes hydrolyse triglycerides to FFA and partial glycerides. The enzymes 
catalyse by nature both a forward ester hydrolysis reaction and a reverse condensation 
reaction between a carboxylic acid and an alcohol, controlled by water and alcohol 
concentrations [Nielsen, 2008]. As a first step a serine residue in the enzyme active site 
forms a covalent intermediate ester with the acyl donor. In a second step water enters to 
hydrolyse the intermediate ester, thereby liberating the free enzyme and FFA [Nielsen, 
2008]. 

6.2.4  Reaction mechanisms with no catalyst present 

 
The chemistry associated with catalytically assisted conversion of feed stock to biofuels has 
been known for a long time, including biochemical conversion. Mature technologies are used 
but there is a ongoing trend towards modern technologies such as those using the super 
critical properties of the substances. The unique properties when creating a homogeneous 
environment for the species being reacted at these elevated temperatures and pressures  in 
a supercritical regime, provide definitive advantages in terms of mass transfer, good 
scalability, environmentally benign processes and fast reactions  [Wen, 2009].  
 
In contrast to acid- ; base- and enzymatic catalysis, in the supercritical process no external 
catalyst is used in the two types of reactions which may exist [Wen, 2009]. The process is 
referred to as the non-catalytic production of biodiesel [Saka, 2006]. In evaluating process 
routes, the one step method known as the Saka process and the two step method, known as 
the Saka-Dadan process, will be more comprehensively discussed in terms of the 
parameters considered. In essence however, in the Saka process, transesterification is the 
major reaction while in the Saka-Dadan process, alkyl esterification is the important reaction. 
 
Although superficially it seems as if no agent is involved in the chemical reaction as it is 
referred to as non-catalytic biodiesel production, it is suggested that a few possibilities exist 
that makes the reaction not dissimilar to those described earlier in this section. One 
consideration is that the metal surface of the reactor could act like a heterogeneous catalyst 
as put forward in a slightly different context [Suppes, 2004]. Secondly, the supercritical 
process appears to offer significant advantages such as lower pre-treatment cost and 
utilising feed stocks containing large amounts of free fatty acids and water and these primary 
options take the focus away from analysing the chemical reaction. For the chemical engineer 
interested in understanding the chemistry for an industrial process, it is postulated that firstly, 
an agent is present and secondly, the reactions are not new. 
 
As mentioned, in conventional transesterification, free fatty acids and water always produce 
less desirable effects, since the presence of free fatty acids and water causes soap 
formation, consumes catalyst and reduce catalyst effectiveness. Whereas the presence of 
water has a negative effect on methyl ester yield in catalyzed methods, in the supercritical 
process, the presence of water positively affected methyl ester yields [Demirbas, 2005]. The 
water could well be acting as an acid catalyst. 
 
In a study on the reactivity of triglycerides in transesterification using the alcohols methanol, 
ethanol, propanol-1, butanol-1 and octanol-1 at a reaction temperature of 300˚C, it was 
shown that triglyceride was converted stepwise to diglyceride, monoglyceride and finally 
glycerol. The formation of alkyl esters from monoglycerides is the core step [Warabi, 2004]. 
Compared to the base catalysis process where two phases exist at normal temperatures, at 
340˚C for methanol, its dielectric constant decreases to the extent where now one phase of 
oil and alcohol is present, with the resulting mass transfer advantages [Saka, 2006]. The 

Stellenbosch University http://scholar.sun.ac.za



156 
 

glyceride formation chain is as for an alkali catalyst, but the catalyst is not present and thus 
saponification cannot take place. 
 
Where free fatty acids and water are present, noting the elevated temperatures and 
pressures, hydrolysis of the triglyceride occurs with fatty acid acting as an acid catalyst and 
the glyceride is formed from the monoglyceride as the rate determining reaction. Through an 
autocatalytic reaction, the fatty acid can generate a proton which then reacts with the 
triglyceride, which after protonation reacts with water to form diglyceride and subsequently 
monoglyceride [Minami, 2006]. In the case of methanol as reactant, the fatty acid dissolves 
in methanol and a homogeneous one phase system comes about in which methyl 
esterification will occur. In the two step process, as can be seen in the discussion of process 
routes later in this chapter, water is added through back feeding  to the first reactor at 
subcritical conditions to yield fatty acids. In the second reactor the fatty acids are then alkyl 
esterified. The reverse reaction is depressed by removing glycerol after the hydrolysis 
reaction. This process will also be discussed in the paragraph on reaction kinetics and 
reaction rates. 
 
The  two major variables in the transesterification of triglycerides, namely the water content 
and free fatty acid content of the feed stock, are continually being mentioned in this 
research. It is highlighted in choosing a process route and it is recognised that highly refined 
oil will cause fewer process problems but introduce cost issues. The chemistry of the 
saponification reaction is presented in Figure 6.6. 
 
 

 
 
Figure 6.6  Saponification reaction of the produced fatty acid alkyl esters 
 
Noting that the acid-catalysed process is relatively slower than alkaline-based catalysis and 
reactions involving pressures have significant cost effects, a remedial measure to minimize 
or prevent soap formation is by using 2 or 3 mol% K2CO3 [Helwani, 2009]. The key role of 
the potassium carbonate is the formation of the corresponding bicarbonate salt instead of 
water. The reaction is depicted in Figure 6.7. 
 

 
 
Figure 6.7  Reaction of potassium carbonate with the alcohol 

6.3  REACTION KINETICS 

 
In the production process for biodiesel, the reaction mechanisms to do with the refining of 
the feed stock, the conversion to alkyl esters and the purification of the transesterification 
products can be interrogated. For the purposes of this research, only the kinetics associated 
with the esterification reactions will be discussed. 
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The overall esterification reaction is controlled by three mechanisms namely mass transfer, 
kinetics and equilibrium. The mass transfer rate becomes slow if the immiscibility of the two 
reactants, (for FAME, methanol and triglycerides), is an issue. In  section 6.9 on equipment,  
various reactor types are introduced to overcome this problem and the literature mentions 
research on mechanical stirring to address the mass transfer problem [Meher, 2006]. The 
reactors employ mechanisms such as power ultrasonics or dynamic cavitation methods to 
overcome the mass transfer resistance problem [Sharma, 2008]. 
 
 Another solution is to introduce a co-solvent which is soluble in both reactants (i.e. the 
alcohol and triglyceride) For tetrahydrofuran (THF) with a boiling point of 67˚C, the mass 
transfer rate was increased as the solubility of the alcohol was improved. When the co-
solvent is used, processing cost is higher due to the extra processing equipment required for 
the separation of the co-solvent, in addition to the cost of the co-solvent [Helwani, 2009]. 
Temperature and pressure increases will increase reaction rates exponentially as well, but at 
atmospheric pressure the limitation is the boiling point of the alcohol used. A proper 
understanding of the kinetics, with as model, base-catalysed transesterification, is useful, but 
specific research indicated conflicting findings as to the order of the reaction and estimates 
of reaction rate constants [Turner, 2005]. 
 
Kinetics describes the rate of chemical reactions with the rate equations obtained by the law 
of mass action. For biodiesel production, in the chemical reactions there are single phase as 
well as two-phase systems at various times, taking into account glycerol production, 
meaning that complicating kinetic conditions have to be taken into consideration. The phase 
changes significantly affect the kinetics and steady state positions of the reactions [Zhou, 
2006]. The reaction is also decelerated by catalyst removal into the glycerol rich phase. The 
rate of the reaction is not a strong function of temperature, but temperature dependant 
[Mittelbach, 1990, as quoted by Turner, 2005]. 
 
If simplifying assumptions are used, there are six rate equations involving eight reaction 
species and ten rate constants. Some assumptions are that the concentration of FFA is 
negligible, reactions for all the isomers of the glycerides proceed at the same rate and the 
products are formed through alcoholysis and saponification in a steady state mode [Turner, 
2005, (Komers, 2002)]. A model was consequently developed and enhancements proposed  
[Turner, 2005]. The resulting differential equations showed that the rates of both alcoholysis 
and transesterification are proportional to the concentration of hydroxide ion and that the rate 
of alcoholysis is inversely proportional to the concentration of water. Temperature 
dependence is based on the Arrhenius equation.   
 
On the kinetics, the forward and reverse transesterification reactions can either follow a 
second order reaction based on the alcohol to oil ratio of 6:1 or a pseudo first order reaction 
for higher alcohol ratios such as 30:1 [Helwani, 2009]. A higher reaction rate is obtained at 
these concentrations, but the alcohol separation and purification is complicated and costly. 
The separation of glycerol from the ester also becomes more difficult. In simple terms, from 
the chemistry of the process, the triglycerides are firstly reduced to diglycerides. The 
diglycerides are subsequently reduced to monoglycerides. The monoglycerides in turn are 
reduced to fatty acid esters and glycerol. The order of the reaction changes with the reaction 
conditions [Singh, 2004].  
 
In some work where the transesterification of Jatropha curcas L. oil with methanol was 
studied, the rate constant at the different temperatures 32ºC, 41ºC and 51˚C was found to 
be 0,6628, 0,8045 and 0,9474 l/(min mol) respectively. These results showed that the 
reaction follows a pseudo-second-order mechanism, while the reaction system can be 
described as pseudo-homogeneous. The activation energy Ea was 15,46 kJ/mol [Zhou, 
2006; as quoted by Lu, 2008]. 
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For soybean oil at 323 K with a 6:1 methanol to oil molar ratio work by Noureddini and Zhou 
in 1997 for activation energies E (cal/mol K) and rate constants respectively, the following 
was reported [Myint, 2008]. 
 

 First step: k1 = 0,050; k2 = 0,11; E 1 = 13,145; E 2 = 9,932. 
 

 Second step: k3 = 0,215; k4 = 1,228; E 3 = 19,860; E 4 = 14,639. 
 

 Third step: k5 = 0,242; k6 = 0,007; E 5 = 6,241; E 6 = 9,588. 
 

The forward reactions are given by uneven subscripts and numbers and reverse 
reactions by even subscripts and numbers. 
 

The above observations can be explained by noting that the starting mixture consists of two 
phases as the educts triglyceride and methanol are not soluble. With the production of the 
emulsifying intermediates di- and monoglyceride, the reaction system becomes quasi-
homogeneous and at higher conversions when the monoglyceride maximum is passed, the 
mixture splits into an ester- and glycerol phase. The glycerol contains the dissolved alkaline 
catalyst [Jordan, 2001].  
 
If the three reversible reactions comprising the transesterification are taken in sequence 
where firstly triglyceride (TG) and methanol converted to diglyceride and FAME and rate 
constants K1 for the forward reaction and K4 for the backward reaction are ascribed 
respectively; similarly K2 and K5 for diglyceride to monoglyceride and FAME and K3 and K6 for 
monoglyceride to glycerol and FAME respectively, the values of the rate constants were 
given as follows: 
 
For the forward reactions K1, K2 and K3: 5,00, 4,93 and 29,67 cubic dm/mol min. 
For the backward reactions K4, K5 and K6: 3,54, 2,99 and 0,79 cubic dm/mol min. 
In each of the steps an ester is formed and a plateau is reached at equilibrium [Sharma, 
2008]. 
 
For design purposes, from the work described above, the usefulness of a kinetic model is in 
assisting to determine the best reactor configuration and the best control strategy [Turner, 
2005]. In the continuous stirred tank reactor (CSTR), with reactants continuously added and 
products similarly withdrawn, the contents of the vessel are in steady state and the species 
concentration are equal to the outlet concentrations. For reversible reactions, the higher the 
concentration of products, the slower the reaction rate. For irreversible reactions such as 
saponification, they depend only on the concentration of reactants and will also run slower 
[Turner, 2005]. 
 
A batch reactor and a plug flow reactor (PFR) will behave similarly, as a PFR dynamically 
assumes a set of differential elements and thus a series of batch reactors. The contents 
change as the reactions proceed in the differential element and the reactions are faster. The 
conclusion is that a PFR and for that matter, the batch reactor, should be favoured to the 
CSTR. If one could continuously remove products, simulating stages, a favourable balance 
of products would be maintained for esterification [Turner, 2005].  A programme is available 
to calculate more options. It is stated though, that the dynamics of reaction also depend on 
transport and heterogeneity, as well as the tendency of the products to form emulsions 
[Turner, 2005].  
 
It is useful to briefly review some of the thermodynamic properties of the components and 
the transesterification reaction between 283 and 323 K. Enthalpies  were calculated, and it 
was found that the reaction enthalpy varies from -2,8 kJ/mol at 273 K to -3,2 kJ/mol at 328 K. 
Therefore the reaction is slightly exothermic [Dossin, 2006].      
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6.4  PROCESS STEPS FOR THE TREATMENT OF VEGETABLE OILS 

 
As mentioned in Chapter 5, contemporary industrial technology for the synthesis of fatty acyl 
esters of vegetable oils involves the isolation of oilseed acylglycerides by extrusion or 
mechanical expression of the oil from the seed or subjecting the oilseed to solvent extraction 
using a solvent like hexane. Hexane extraction is the main technology in the United States 
(U.S.) with extraction plants achieving high levels of solvent recovery, typically losing less 
than 1,25 litre of solvent per metric ton of feed stock input in a soybean processing plant 
[Haas, 2004]. Except in a totally integrated plant where feedstock sourcing through farming 
or animal processing through rendering takes place, it is suggested that the above 
processes will be outside the battery limits or process boundaries for describing the process 
in this section. The process description that follows will then be covering the pre-treatment of 
the crude product from feed stock processing; the conversion of the feed stock and the 
purification of the products [Bantz, 2007]. 
 
Biodiesel manufacturing can be subdivided into two principal process systems: catalyzed 
and non-catalyzed systems. Furthermore, depending on the impurities in the feed stock and 
in particular the free fatty acid content, pre-treatment will be required prior to the feed stock 
being utilized as a reactant in the conversion process [Gensolutions (Alberta), 2008]. 
 
In general the feed stock will be delivered to the biodiesel plant and stored in tanks prior to 
processing. In the classical pre-treatment of oils and fats, the oil will then be deacidified and 
degummed and refined through washing, drying and bleaching. This process is depicted in 
Figure 6.8 [Jordan, 2001]. In biodiesel production, it will be not necessary to bleach the 
refined oil, but filtration prior to conversion to alkyl esters, will normally take place. 
 

 
 
Figure 6.8  Block diagram of vegetable oil pre treatment process [Jordan, 2001] 
 
Some other aspects of the pre-treatment are more extensively discussed in the section on 
process routes (section 6.6). After pre-treatment, the feed stock is then ready for conversion 
to fatty acid alkyl esters with alkali-catalysed transesterification or one of the other process 
routes described in this chapter. For biodiesel production, the requirements in pre-treatment 
may not be as high as for the food industry [Jordan, 2001].  For soybean transesterification, 
conversion values comparable with those obtained for refined soybean oil, were achieved 
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after degumming only, suggesting that several processing steps, (refining, bleaching, filtering 
and deoderising) may be eliminated in the industrial biodiesel production environment [De 
Oliviera, 2005]. 
 
Following transesterification, some options on the purification unit processes are available as 
discussed in the section on process routes (section 6.6). It is also important to note that 
large volumes of effluents and other undesired products are generated, which need to be 
stored and disposed of. The result is a higher environmental load with the soaps, neutralised 
catalysts and excess alcohol that need to be recirculated or treated [Jordan, 2001].   

6.5  REACTANTS, PRODUCTS AND CATALYSTS 

6.5.1  Feed stock 

 
As mentioned earlier in this chapter, Chapter 5 is devoted to aspects on feed stock. The feed 
stock is, however, the main reactant in producing biodiesel and in considering issues on 
biodiesel technology, it is appropriate to refer to some features to do with its composition and 
use. Compared to feed stock derived from crude oil, feed stocks used in the production of 
biodiesel are derived from living organisms and undergo changes at a faster rate than 
fossilised products such as the crude oil from which diesel is derived . These feed stocks are 
subject to compositional change by the action of agents such as enzymes and bacteria, 
where for example during storage oxidative changes occur, more so in oils with more 
unsaturated chemical bonds, compared to more stable saturated compounds. 
 
The oils and fats comprising feed stocks are not single compounds, but in themselves 
mixtures of triglycerides and fatty acids. Castor oil, arguably the most uniform substance with 
a composition of about 90% ricinoleic acid as the major constituent, still contains a number 
of other triglycerides and other compounds all with different molecular weights and physical 
properties such as boiling range, viscosity and solubility characteristics in respectively 
hydrophobic and hydrophilic or polar compounds and substances. In reality any feed stock in 
biodiesel is what is commonly known as a multi feed stock. This is because the triglyceride 
molecules of vegetable oil consist of three long-chain fatty acids that are ester bounded to a 
single glycerol molecule. These fatty acids differ by the length of the carbon chains, as well 
as the number, orientation, and position of the double bonds in these chains [Lang, 2001]. In 
reality there are dozens of biodiesel source materials with maybe thousands of combinations 
of compositions as illustrated by boiling points of the resultant FAMEs with a temperature 
range of 173 K for a carbon range of C8 to C18 [Yuan, 2005]. For feed stock that served 
another purpose such as waste cooking oil, also referred to as yellow grease, even more 
contaminants are introduced, which could affect the conversion to biodiesel. 
 
The way the feed stock was produced also has an effect on the unit processes it will be 
subjected to and its stability as a raw material in the chemical process. At least three 
examples can be cited. If for example oils like jatropha or castor oil are  extracted by 
mechanical expression from the seeds or fruits containing the lipid, not necessarily all the 
compounds as released by a solvent extraction process, will be liberated. Secondly, with 
storage before processing, a product like jatropha oil will form more free fatty acids with 
more economical and chemical consequences. A further example of considerations which 
should be taken into account, is that in the case of soya beans, the conventional oil 
extraction process uses hexane. The hexane has the ability to simultaneously extract 
phospholipids which have to be washed out of the oil in a “degumming” step as otherwise 
they will interfere with later purification steps, due to their extremely good emulsification 
properties. In addition, the hexane removes high molecular weight species from the oil seeds 
which cause the oil to be dark brown in colour. These species have to be removed with 
absorbents such as diatomaceous earth, which in itself then has to be discarded with the 
associated environmental problems [Tavlarides, 2006]. 
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6.5.2  Other reactants 

 
Other than feed stock, the principal reactant in the production of alkyl esters or fatty acid 
esters (biodiesel) will be a monohydric alcohol [Knothe, 2005]. The choice of alcohol will be 
governed by its chemical and physical properties, availability, cost and other economic 
factors, which will all have some influence on the cost of biodiesel. In this paragraph the 
approach will focus on chemical considerations and the fuel properties the alcohol will impart 
on biodiesel. It should be noted that the stoichiometric reaction requires 1 gmol of 
triglyceride and 3 gmol of alcohol. Excess alcohol is used to drive the reaction forward in 
order to increase the yields of the alkyl esters and to assist in phase separation of the 
glycerol [Helwani, 2009]. On the other hand, an excessive amount of alcohol makes the 
recovery of the glycerol difficult, so that the ideal alcohol/oil ratio has to be established 
empirically, considering each individual process [Demirbas, 2009]. In practice, for a good 
transesterification reaction, excess methanol is needed, but for good phase separation, a 
minimum amount of methanol is aimed for [Dunford, 2008]. 

6.5.2.1 Monohydric alcohols 

 
Biodiesel is invariably associated with methanol as a reactant but other monohydric alcohols 
can be considered as well, in which case process and product issues need to be addressed.  
 
As stated above, the stoichiometric amount of alcohol needed for the transesterification 
reaction is 3 gmoles of alcohol to one mole of oil. The actual amount of alcohol introduced 
into the reaction vessel is invariably higher so as to ensure, considering reaction equilibria, a 
higher product yield. The actual molar ratio of alcohol to oil should be determined per case 
but typically a 6:1 molar ratio is used, except in in vitro transesterification. For reactive 
distillation however, a 4:1 molar ratio and a column temperature of 65ºC produced biodiesel 
to ASTM standards [Singh, 2004]. Reactive distillation is briefly discussed later in this 
chapter. 
 
In the U.S. methanol is the cheapest alcohol  [Radich, 2002]. It has been mostly used to 
produce biodiesel, termed in such case as fatty acid methyl esters (FAME) [Knothe, 2005]. 
The bulk of the methanol made in the U.S. is produced from natural gas [Zerbe, 2006]. It is 
also easy to process but for life cycle calculations, the source of the methanol is important in 
view of the energy and environmental inputs in its production process [Sheehan, 1998]. 
Other sources of methanol include coal and residual oil [Ahouissoussi, 2007]. In 2006 there 
was no existing commercial plant for making methanol from wood. For methanol production 
from natural gas, 60% of the methanol produced is through the ICI Low Pressure Methanol 
(LPM) Process with a carbon efficiency of 75,14% [Angarita, 2009]. 
 
Anhydrous ethanol, isopropyl or butyl alcohols can be substituted for methanol but reaction 
times are slower and yields may be lower, resulting in more rigorous quality control and 
additional processing [Kinast, 2005]. On the other hand, to esterify a vegetable oil with 
methanol involves some loss of carbon neutrality [Lois, 2007]. This can be prevented in 
using ethanol as it is produced by fermentation, which is carbon neutral compared to the 
introduction of an intrusive carbon atom in esterification which adds 5-12% carbon [Jones, 
2007]. If methanol is derived from biomass, neutrality is no longer an issue. Other research 
indicates higher ethanol prices relative to methanol, lower ester conversions and difficulty in 
recycling excess ethanol internally in the process [McCormick, 2009]. 
 
For ethanol it can be said that it is not a cumulative poison to the human being.  In Brazil, 
ethanol production volumes and thus availability, favours its use as the reactant. As ethanol 
will produce a more environmentally benign fuel, it has support for use as the preferred 
reactant elsewhere as well [Peterson, 1994]. For Brazil, as the world’s largest ethanol 
producer, production technology is well established and a large industrial plant capacity is 
available throughout the country [de Oliviera, 2005]. In fact, in a useful comparison of the 
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methyl and ethyl esters of four different mixtures of fatty acids as contained in rape seed, 
canola, tallow and soya with D2 diesel, it was concluded that some desirable attributes of 
ethyl over methyl esters were significantly lower smoke opacity, lower exhaust temperatures, 
lower pour points but a higher glycerol content and more injector coking [Peterson, 1994]. 
 
In other research work on using ethanol as a reactant, refined and degummed soybean oil 
and castor oil were studied in a Taguchi experimental design considering temperatures (30-
70˚C), reaction times (1-3 h), catalyst concentration (as NaOH), 0,5-1,5 wt/wt%, by weight of 
oil, and oil-to-ethanol molar ratios (1:3-1:9). Conversions of 94, 93 and 96% respectively 
were obtained and interestingly with castor oil at 30˚C, 1 h and 0,5% NaOH, a yield of 93,4% 
materialised [de Oliviera, 2005]. Nowhere in the literature could practical examples be found, 
but the facts that castor oil contains largely ricinoleic acid and refined soybean oil yields only 
slightly higher conversions than degummed soybean oil and probably makes other unit 
processes in the production process easier to accomplish, are worth considering. 
 
As a renewable fuel, biodiesel as ethyl esters could be 100% derived from biomass and 
would be a way of incorporating some ethanol in the diesel pool [Casanave, 2007]. These 
authors cite some other reasons why using this substrate may present some process 
problems. Firstly, the reaction is slower than with methanol and higher reaction temperatures 
and higher amounts of catalyst may be needed. It also has to be borne in mind that 
methanol is completely soluble in both FAME and glycerol, but insoluble in oil. With 
increasing mass fraction of FAME, the solubility of methanol in the oil-FAME phase 
increases. As a result, the transesterification reaction shows an induction period but when 
the content of FAME increases to 70%, the oil-methanol-FAME mixture becomes a 
homogeneous phase. Glycerol has a low solubility in both oil and FAME and is thus easily 
separated from the final product biodiesel [Lu, 2008]. 
 
 Secondly, ethanol is a better solvent for oil and ethyl esters. As a result more 
thermodynamic limitations are introduced as the glycerol by-product is more soluble in the 
reaction products when ethanolysis is compared with methanolysis. In general, longer chain 
alcohols like ethanol, isopropanol and butanol exhibit a greater solubility towards oil as their 
polarities decrease with chain length [Röttig, 2010]. This means that as miscibility increases, 
reaction temperatures and reaction rates can be increased. Thirdly, ethanol acting as a co- 
solvent, makes glycerol extraction from ethyl esters more complex and costly. The ethanol to 
water content has to be low as azeotrope formation will make ethanol dehydration costly. 
The same reasoning does not apply to heterogeneous catalysis as for both methanol and 
ethanol the reaction is monophasic [Casanave, 2007]. 
 
Advantages in using ethanol however, are that cetane numbers and energy content are 
increased compared to methanol; density, pour point and cloud points are decreased and 
FAEE combusts to a larger extent, compared to FAME, giving more effective fuel 
consumption [Röttig, 2010, quoting Peterson et al., 1995]. 
 
 Using base organocatalysts that can perform a water-free homogeneous transesterification 
process, knowing that the base-catalysed formation of ethyl esters is more difficult than the 
formation of methyl esters and that with base catalysts more stable emulsions are formed, 
high yields with ethanolysis were never the less obtained [Cerro-Alarcón, 2008]. This means 
that biodiesel with a higher CO2 efficiency can be obtained, despite the fact that the smaller 
size and higher polarity of the methoxy anion would promote its attack to the carbonyl group 
of the triglyceride molecule, compared to higher alcohols. The same range of reaction 
conditions as for methanol yielded comparable results.  From a chemical engineering point 
of view, the parameters introduced through the research mentioned in this section can be 
accommodated in the design phase of a plant.  
 
In Chapter 3 it was mentioned that the properties of the various fatty esters comprising 
biodiesel, or the mixture of alkyl fatty esters, are determined by the structural features of the 
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fatty acids and the alcohol moieties that comprise a fatty ester [Knothe, 2005]. The ester 
moiety derived from the alcohol in the ester for the same fatty acid can therefore have an 
effect on the fuel properties of the ester. As the alcohol functionality will therefore contribute 
to the overall properties of the fatty ester, it behoves to consider different alcohols as the 
reactant in the transesterification process. Some relevant properties are listed in Table 6-1 
[Knothe, 2005]  From the table developed by Knothe, a few further remarks can be made in 
the context of reactant selection, flow sheet work and equipment specifications and costs. 
 
For palmitic acid (hexadecanoic acid 16:0) and oleic acid, the cetane number increases with 
alcohol chain length but the effect of branching as described in section 3.7.5.1 can be seen 
as well. Generally cetane numbers, heat of combustion, melting points and viscosities of 
neat fatty compounds increase with increasing chain length and decrease with increasing 
unsaturation. Certain fatty acids can therefore be enriched by appropriate selection of the 
alcohol to improve the properties of the whole fuel. For example, it appears that isopropyl 
esters have better fuel properties than methyl esters, the disadvantage being the high price 
of isopropanol [Knothe, 2005]. 
 
Commercial production of biodiesel is predominantly based on alkali-catalysed 
transesterification and therefore the discussion on monohydric alcohols as reactants focused 
on this process route up to now. In enzyme-catalysed production, methanol has adverse 
effects on the stability of the enzyme. Considering different alcohols, it was reported that 
fatty acids esters were produced from two Nigerian lauric oils, palm kernel oil and coconut oil 
respectively, by reacting these oils using PS30 lipase obtained from Amano Enzyme, 
Lombard, IL, U.S.A., in the following ratios: 1 mol of oil +  4 mol of alcohol + 10% (weight of 
oil) enzyme. The respective conversions at a reaction time of 8 hours and temperature 40˚C 
were as follows: 
 
Palm kernel oil: Ethanol 72%; t-butanol 62%; 1-butanol 42%; n-propanol 42%; iso-propanol 
24%; methanol 15%. 
 
Coconut oil: Ethanol 35%; 1-butanol and iso-butanol 40%; 1-propanol 16% and only traces 
of biodiesel were found using methanol. 
 
The authors ascribed the poor yield of FAME to unfavourable viscosity conditions with 
methanol and reported that similar results were obtained using sunflower oil [Abigor, 2000]. 
For other reasons, such as lower methanol circulating loads, lower reaction temperatures 
and environmental advantages mentioned in section 6.6 in comparing process routes, 
enzymes are attractive catalysts, and further research on using ethanol as the reactant, also 
from an economic perspective, may be warranted.  
 
Comparing methanol with butanol in the transesterification reaction, the initial methanolysis 
mixture consists of two phases whereas with butanol it is only one phase [Casas, 2009]. This 
is due to methanol not being soluble in oil. As the reaction the proceeds, methyl esters 
(FAME) and glycerol are produced, where now methanol is soluble in FAME but also in 
glycerol. As the mass fraction of FAME increases, the solubility of methanol in the oil and 
FAME phase increases meaning that less methanol becomes available for the reaction 
[Zhou, 2006].  Butanolysis is faster than methanolysis at a lower reaction temperature. It has 
been reported that larger alcohols have certain advantages to methanol in an enzymatic 
process. They have a higher solubility in oil and are more compatible with enzymes. A 
heavier alcohol increases the mass (and volumetric) gain of biodiesel and yields superior 
low-temperature properties [Nielsen, 2008]. From a process perspective, alcohols or than 
methanol, have attractions in being considered as the acyl acceptor of choice, but economic 
issues need to also be evaluated. For South Africa, this can only be done if a competitive 
position is reached for these alcohols, compared to methanol as produced by SASOL. 
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Table 6-1  Relevant properties of primary alcohols as reactants in biodiesel 
production 

 

Trivial name M. P. B.P. Cetane Viscosity 
Heat of 

combustion 

HC chain length ºC ºC number mm²/s kg cal/mole 

Caprylic (octanoic) 8:0 16,5 239,3 - - - 

 - Methyl ester - 193 33,6 1,19 1 313 

 - Ethyl ester -43,1 208,5 - - 1 465 

Capric (decanoic) 10:0 31.5 270 47,6 - 1 453 

 - Methyl ester - 224 47,2 1,72 1 625 

 - Ethyl ester -20 243 51,2 - 1 780 

Lauric (dodecanoic) 12:0 44 131 - - 1 763 

 - Methyl ester 5 266 61,4 2,43 1 940 

 - Ethyl ester -1,8 163 - - 2 098 

Myristic (tetradecanoic) 14:0 58 250,5 - - 2 073 

 - Methyl ester 18,5 295 66,2 - 2 254 

 - Ethyl ester 12,3 295 66,9 - 2 406     

Palmitic (hexadecanoic) 
16:0 63 350 - - 2 384 

 - Methyl este 30,5 415 74,5 4,38 2 550 

 - Ethyl ester 19,3 191 85,9 - 2 717 

 - Propyl ester 20,4 190 93,1 - - 

 - Isopropyl ester 13 160 85 - - 

 - Butyl ester 16,9 - 82,6 - - 

 - 2 Butyl ester - - 91,9 - - 

 - Isobutyl ester 22,5 199 84,8 - - 

Stearic (octadecanoic) 18:0 71 360 61,7 - 2 696 

 - Methyl ester 39 442 86,9 - 2 859 

 - Ethyl ester 31 199 76,8 - 3 012 

 - Propyl ester - - 69,9 - - 

 - Isopropyl ester - - 96,5 - - 

 - Butyl ester 27,5 343 80,1 - - 

 - 2 Butyl ester - - 97,5 -  - 

 - Isobutyl ester - - 99,3 - - 

Palmitoleic 16:1 - - - - - 

 - Methyl ester - - 51 - 2 521 

Oleic 18:1 16 286 46,1 - 2 657 

 - Methyl ester -20 218 55 4,51 2 828 

 - Ethyl ester - 216 53,9 - - 

 - Propyl ester - - 55,7 - - 

 - Isoproyl ester - - 86,6 - - 

 - Butyl ester - - 59,8 - - 

 - 2 Butyl ester - - 71,9 - - 

 - Isobutyl ester - - 59,6 - - 

Linoleic 18:2 -5 229 31,4 - - 

 - Methyl ester -35 215 42,2 - - 

 - Ethyl ester - 270 37,1 3,65 2 794 

 - Propyl ester - - 40,6 - - 

 - Butyl ester - - 41,6 - - 

Linolenic 18:3 -11 230 20,4 - - 

 - Methyl ester - - - - - 

 - Ethyl ester -57 109 20,6 3,14 2 750 

 - Propyl ester - 174 26,7 - - 
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 - Butyl ester - - 26,8 - - 

Erucic 22:1 33 265 - - - 

 - Methyl ester - 221 - - 3 454 

 - Ethyl ester - 229 - - - 

Note: Where no values are available, it is indicated as “-“ in the table 

 

6.5.2.2 Other acyl acceptors 

 
Mono hydric alcohols are not the only acyl acceptors reported in the literature for use in 
biodiesel production. Processes employing methyl formate and methyl acetates of carboxylic 
esters have been researched. In these cases glycerol was then not produced as a by- 
product [Ilham, 2009]. Using methyl acetate in the supercritical mode without a catalyst, an 
intertransesterification reaction occurred and FAME and triacetin were produced. Although 
the product would not be classified as biodiesel if the triacetin is not separated from the 
FAME, it has been reported that as a fuel no adverse properties were experienced and the 
oxidative stability of the fuel was enhanced. This can be contrasted with the esterification 
reaction when free fatty acids are reacted with methyl acetate at supercritical conditions to 
produce FAME and acetic acid [Saka, 2009]. 
 
 Specifically, for the enzyme catalyst route, it has been reported that using methyl acetate as 
acyl acceptor and Novozym 435 as catalyst, a yield of 92% could be obtained. With methyl 
acetate being used for biodiesel production, the by-product triacetylglycerol would be 
produced instead of glycerol [Du, 2004]. With ethyl acetate and using different oil feed 
stocks, the maximum yield of ethyl esters was over 90% under optimised reaction conditions 
[Du, 2008]. Again, in lipase-mediated transformation, this time for the production of biodiesel 
from sunflower (Helianthus annuus); crude jatropha (Jatropha curcas) and karanj (Pongamia 
pinnata) respectively, using Propan-2-ol as the acyl acceptor, conversions were 93,4%, 
91,7% and 92,8%respectively. It was found that Propan-2-ol displayed better miscibility in 
triacylglycerols compared to short chain linear alcohols such as methanol and ethanol [Modi, 
2006]. 

6.5.2.3  Dimethyl carbonate 

 
Dimethyl carbonate (DMC) is referred to as a green chemical and is quickly biodegradable 
[Rodrίguez, 2004]. It has the chemical formula C3H6O3 and a molecular weight of 90 g/mol 
[Ren, 2008]. Compared to methyl tert- buthyl ether (MTBE), a widely used gasoline additive 
which was found polluting groundwater and not being biodegradable, it has a LD50 value 
close to ethyl/butyl acetates [De la Torre, 2006]. It has a low toxicity and is non-irritating. For 
the temperature range 280 K to 360 K, its thermal conductivity λ in W/mK varies from 0,1693 
to 0,1365. At 298,15 K, compared to methanol with values of 0,7866 and 0,553 respectively, 
it has a density of 1,0635 g/cm³ and a dynamic viscosity of 0,585 mPa s. [Rodrίgues, 2004] 
DMC has a critical pressure of 4,63 MPa; critical temperature of 274,9 ˚C; melting 
temperature 4,6 ˚C; boiling point 90,3 ˚C; flash point 18,0 ˚C; dielectric constant 3,09; dipole 
moment 0,91 μ, D; ΔH 88,2 kcal/kg and a solubility of 13,9 g/100 g of water [Ilham, 2009]. 
 
DMC is industrially produced using the phosgene route, the epoxide route and oxidative 
carbonylation route.  For the first mentioned technology, phosgene reacts with methanol to 
yield DMC and HCl. Plant capacity is limited by environmental problems, high chlorine 
content and chlorine recovery from HCl. The second technology entails reacting epoxides 
with CO2 yielding cyclic carbonates, which after transesterification with methanol yields DMC 
and glycols. In the third technology mentioned, CO and methanol react with an oxidant 
compound like NO or O2 in the presence of CuCl2 as a catalyst. The main products are DMC 
and water with by-products  CO2 and minor amounts of organics like dimethyl ether, methylal 
and methyl chloride [Polimeri Europa, 2008]. The Polimeri technology is licenced to produce 
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about 107 kt/year with a 11,7 kt/year plant in Japan operating since 1993. The investment 
cost for a 50 kt/year ISBL DMC plant in 2008 figures is estimated at €32 million. Both CO 
and methanol can be derived from syngas which in turn can be produced from the 
thermochemical conversion of biomass, making this process route environmentally more 
acceptable [Fabbri, 2007]. 
 
DMC has applications such as an intermediate for derivatives used in polycarbonates, 
lubricants, isocyanates for polyurethanes, a solvent in the paints and adhesives industries; 
and in cleaning and degreasing solvents [De la Torre, 2006]. It is a useful fuel additive with 
an O2 content of 53,3% by weight, about three times that of MTBE [Polimeri Europa, 2008; 
Rodrίgues, 2004]. DMC is also used as an oxygenated solvent and thus as an additive for 
diesel, because it significantly reduces smoke emissions [Glaude, 2006]. 
 
 Of particular interest for this research, it has been found to function as the acyl acceptor in 
conventional alkali catalysed production of biodiesel [Fabbri, 2007] as well as for the 
supercritical process route [Ilham, 2009]. Moreover, in personal communication, Prof. Fabbri 
provided information on a patent WO 2004/052874 AI relating to the use of one or more alkyl 
esters of fatty acids and one or more esters of fatty acids of glycerol carbonate as a fuel or 
solvent [Notari, 2004]. Thirdly, dimethyl carbonate was employed as the acyl acceptor in the 
lipase-catalysed irreversible transesterification of cottonseed oil, soybean oil and rapeseed 
oil respectively, with yields three times higher than using conventional acyl acceptors 
methanol and methyl acetate [Su, 2007]. The reaction is irreversible because the 
intermediate product carbonic acid mono acylester decomposes into carbon dioxide and an 
alcohol. A solvent was used and the most successful of the 5 lipases tested, Novozym 435 
immobilised on a macroporous acrylic resin, was washed with acetone between batch 
experiments to increase its stability and re-usability [Su, 2007]. 
 
In the transesterification process at ambient pressure and a temperature of 90˚C with 
sodium methoxide as the catalyst, triglycerides react with liquid dimethyl carbonate to 
produce a mixture of fatty acid methyl esters and fatty acid cyclic glycerol carbonate esters, 
as well as the by-products glycerol carbonate and glycerol dicarbonate respectively [Fabbri, 
2007]. Experimental conditions were a temperature of 90˚C, 5% mol homogeneous catalyst 
and when heterogeneous catalysts were used, 5% weight of catalyst with respect to oil. For 
sodium methoxide and 1,5,7-Triazabicyclo{4,4,0}dec-5-ene (TBD) yields of >99% were 
obtained compared to 98% for Na2PEG(300) and yields of less than 10% conversion for 
some heterogeneous catalysts like titanosilicateETS 10 [Fabbri, 2007]. The reaction time 
was 5 hours and separation and purification steps are required. To be noted is that glycerol 
carbonate is a viscous water soluble liquid removed by water washing. It is colourless and 
odourless, has a molecular weight of 118,9 g/mol, boiling point 128-131˚C, viscosity of 61,0 
cts and a flash point of over 400 ˚C [Citterio, 2008]. Glycerol dicarbonate is an odourless and 
white solid which is partly removed by filtration and further by washing with water [Fabbri, 
2008]. Some relevant properties of this compound are its melting point of 105-106˚C, boiling 
point 140-145˚C and molecular weight of 176 g/mol [Citterio, 2008]. The main product is 
called DMC-BioD to distinguish it from the conventional biodiesel, also it contains cyclic 
glycerol carbonate esters. 
 
In research on the supercritical process, in a comparative study rapeseed oil was used with 
methanol and dimethyl carbonate as reactants. Due to the different critical properties of the 
two acyl acceptors, critical temperature and pressure was 239˚C and 8,09 MPa respectively 
for methanol and 274,9˚C and 4,63 MPa respectively for DMC. Parameters for the reactions 
were a molar ratio of 42:1 for the acyl acceptor  to oil; temperature 350˚C; pressure 20 MPa 
and retention times from 3 min to 15 minutes [Ilham, 2009]. In the transesterification 
supercritical process, the researchers concluded that three step-wise reactions occurred. 
Firstly, the triglycerides (rapeseed oil) reacted with DMC to produce methyl carbonate 
diglycerides. The methyl carbonate diglycerides then further reacted to produce dimethyl 
carbonate monoglycerides. Finally, the dimethyl carbonate monoglycerides reacted with 
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dimethyl carbonate to yield fatty acid methyl esters as well as glycerol carbonate and 
citramalic acid as by-products. If esterification took place due to the presence of fatty acids, 
the products formed were the fatty acid methyl ester, glyoxal and water [Ilham, 2009]. The 
above reactions and the reaction conditions are depicted in the schematic process in Figure 
6.9. 
 

                           
 
Figure 6.9  Process steps to produce biodiesel using DMC as reactant [Ilham, 2009] 
 
Compared to glycerol, the products from the supercritical processes probably have more 
economic value. Glycerol carbonate is used as a solvent in paints, dyes and adhesives and 
as a source of polymeric compounds. In cosmetics and dermatological formulations it acts 
as an emulsifier and inhibitor of bacteria and fungi [Rokicki, 2005; Cheol, 2003; Rolf, 2000; 
Joerg, 1999; as reported by Ilham, 2009]. Citramalic acid has a high value in pharmaceutical 
applications. Glyoxal may well form glycolic acid (also known as hydroxyacetic acid) due to 
the high temperature and pressure and is used widely in printing, textile dyeing, rust and 
scale removal formulations [Kiyoura, 1997, as reported by Ilham, 2009]. In general, in the 
reaction the consumption of DMC is 15% lower than methanol and the cyclic fatty acid 
glycerol carbonates are incorporated in the biofuel [Fabbri, 2007]. These observations have 
cost implications in a comparative economic feasibility study.    

6.5.3  Catalysts and co-solvents 

 
A catalyst is a substance that changes – usually by increasing – the rate of a reaction 
without itself undergoing any permanent chemical changes [Dunford, 2008]. In biodiesel 
production, as the reaction does not occur spontaneously at moderate temperatures and 
pressures, catalysts are used to produce an ester in a manner that is mild, fast, convenient, 
and universally acceptable [Miao, 2009]. 
 
 In section 6.6 on process routes, the available catalysts for biodiesel production are more 
extensively discussed. It will be seen that conventionally transesterification is performed 
using alkaline, acid or enzyme catalysts [de Oliviera, 2005]. Typically acid catalysis is 4 000 
times slower than alkaline catalysis and with sulphuric acid which is commonly used, 
undesirable by-products with difficult separation steps and total removal of the acid is 
necessary, so as to prevent damage to engine parts in the subsequent use of biodiesel. 
 
Conventional transesterification assumes feed stock that is substantially pure and in 
particular does not contain significant amounts of free fatty acids. If there are free fatty acids 
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present, they will react with the catalyst (if alkaline) and not only negate its function, but also 
form soaps, resulting in serious emulsification and separation problems [Lu, 2008]. 
 
A useful way to overcome this problem is to use a homogeneous acid catalyst, such as 
sulphuric acid, phosphorous acid or sulphonic acid, to convert the free fatty acids through 
esterification and then perform the transesterification reaction. It was found that the 
esterification reaction of the free fatty acids occur more rapidly than acid catalysed 
transesterification [Lu, 2008]. The same researchers also used a solid catalyst prepared by 
calcining metatitanic acid, having screened a number of different solid catalysts, namely 
resin D72, molecular sievesHM, SAPO-11, HZSM-5, Hβ and the ST- serial catalysts. A solid 
acid catalyst is environmentally more friendly and its separation from the product mixture 
conceivably easier, as for example, it can be filtered out. 
 
The use of solid catalysts still requires high temperatures and pressures in order to be 
effective [Miao, 2009]. Liquid catalysts such as sulphuric acid have other disadvantages, 
which apparently is not the case if trifluoroacetic acid is used. It has a higher pKa value 
compared to sulphuric-, hydrochloric- or nitric acid and can be readily removed through 
evaporative distillation at mild conditions. The best process combination was 2,0 M catalyst 
concentration with 20:1 M ratio of methanol to oil at a temperature of 120˚C, yielding a 
98,4% conversion after 5 h [Miao, 2009].  An alternate to sulphuric acid was found to be 
ferric sulphate (Fe2(SO4)3, which is insoluble in oil and gave a conversion of 97,02%. The 
ferric sulphate was centrifuged from the liquid after acid esterification and re-used for the 
next batch [Wang, 2007].    
 
Alkali-catalyzed systems are extremely sensitive to water for the reasons given when the 
chemistry of the processes was discussed, but they do provide high conversion rates of 
triglycerides to their corresponding methyl or ethyl esters with short reaction times. It is 
thought that in acid catalysed transesterification, the water dilutes the acid, making it less 
effective as a catalyst [Lu, 2008]. 
 
 Among the base catalysts as discussed in the section on process routes, NaOH is widely 
used in industrial biodiesel production owing to its effectiveness and cheapness [de Oliviera, 
2005]. The most common catalysts are sodium hydroxide (NaOH), potassium hydroxide 
(KOH) and sodium or potassium methylate (sodium methoxide – NaOCH3; potassium 
methoxide – KOCH3), which is sold as a 30% solution in methanol [Dunford, 2007]. The 
solubility of potassium hydroxide in methanol is higher than that of sodium hydroxide 
[Bunyakiat, 2006]. References were also found as to the use of sodium or potassium 
carbonates [Helwani, 2009]. It should be noted that pure Na-methylate is highly inflammable 
and although it gives superior performance compared to NaOH, it presents with availability 
and logistics problems [Matthys, 2003]. 
 
The methylated catalysts perform better in terms of yield than both NaOH and KOH as there 
is no water formation as a by-product during the reaction [Sharma, 2008]. They are the 
preferred catalysts for large continuous-flow production processes [Singh, 2006]. The 
catalysts are prepared by dissolving the clean metals in anhydrous methanol. Comparing 
potassium methoxide to sodium methoxide, at equivalent molar concentrations with the 
same triglyceride samples, potassium methoxide effects complete esterification more quickly 
than sodium methoxide [Demirbas, 2009]. 
 
Environmentally attractive, the sodium methylate manufacturing process can also utilise 
caustic soda and methanol rather than mercury-cell based chlorine and sodium metal. The 
issue of mercury in the food industry is thus avoided. A 60 000 ton per year plant producing 
sodium methylate powder and geared for the biodiesel market was brought on stream at 
Damman, Saudi Arabia in December 2009 with another 50 000 ton per year to be brought on 
line by 2011 [Kotrba, 2010]. At least two other manufacturing facilities in the DeGussa AG 
group are also in a position to supply NaOCH3 [Sharp, 2010]. 
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It has been established that sodium methylate (sodium methoxide) can be made available in 
South Africa by two companies representing international manufacturers. Budget prices 
which will be reflected in Chapter 7, were obtained from the agents. Although NaOH or 
another base may still have to be used after the degumming process to neutralise 
phosphoric acid, NaOCH3 is attractive as the catalyst in the transesterification unit process 
because of easier handling, a safer operation and less items of equipment. Physical data on 
NaOCH3 are: Molecular weight 54,02 g/mol; boiling point at 1 013 kPa, 92ºC; flash point 32 
ºC; density at 20ºC 0,97 g/cm³. It is a clear colourless liquid, sold in steel drums, or in road 
tankers or tank containers. It is available as 100% active catalyst or as a 30% solution in 
methanol [Sharp, 2010]. In transesterification, the effective species of catalysis is the 
methoxide radicals (CH3O-) and the activity of the catalyst depends upon the amount 
prepared in situ by reacting hydroxide and methanol. Their advantage in transesterification 
lies in their behaviour as weak Lewis bases compared to NaOH and KOH which can react 
with esters and triglycerides directly and lead to saponification [Singh, 2006]. 
 
A drawback of the use of a homogeneous catalyst such as NaOH or KOH is that the 
biodiesel and glycerol produced have to be purified to remove the base catalyst which has to 
be neutralised in subsequent processes. Removal of these catalysts after the reaction is 
technically difficult and it brings extra cost to the final product [Helwani, 2009]. As a holistic 
view, these are thus not true catalysts in the narrow sense of the word, as they are 
converted, normally using an acid, and contribute to the pollution potential of the plant. 
Secondly, one unit process uses significant quantities of water to purify the products, 
resulting in an effluent problem [Sharma, 2008]. 
 
If the mentioned homogeneous catalysts are then compared, more KOH than NaOH will be 
used although both will be dissolved in methanol prior to addition to the reaction mixture for 
transesterification. The potassium ions however will form salts when neutralised with an acid 
and they have a very low solubility in glycerol and will precipitate upon formation [Matthys, 
2003]. Especially with mechanical plant interruptions, plugging can occur. Secondly, the 
potassium salt crystals will need to be filtered out, at a low pH, and glycerol will be in the 
filter cake affecting the economics of glycerol recovery. In contrast, where saponification 
occurs, it was found more convenient to use potassium ions, as the corresponding soaps are 
softer and less blockage occurs [Sharma, 2008]. NaOH crystals are hygroscopic and are 
dissolved in methanol in a exothermic reaction, thus methanol losses on evaporation have to 
be contained. Also water can be introduced into the reaction. Secondly, more safety 
instructions are to be respected by operators in interventions with NaOH [Matthys, 2003]. 
 
With the catalyst either potassium or sodium ions were introduced and at least three acids 
can be used to neutralise any one of them in the aqueous phase. Consequently either 
chloride or sulphate or phosphate ions are introduced in addition to the corrosive acids, 
necessitating more sophisticated and more costly equipment. Also excess acid will have to 
be neutralised subsequently, adding to the costs of the process. Sulphates (both K and Na) 
are much less soluble in glycerol than chlorides. The limits for sulphates are about 65% 
compared to 92% for chlorides [Matthys, 2003]. In the case of phosphates, conceivably a 
market exists for fertiliser application. In all cases, disposal and effluent issues have to be 
considered, in addition to blockage problems in equipment like heat exchangers. 
 
 Although homogeneous base-catalysed transesterification is faster than heterogeneous 
catalysis, where as discussed in the section on chemistry, the catalyst can be a base or an 
acid solid catalyst, other factors such as separation of catalyst and process variables such 
as temperature and pressure then come into effect. With heterogeneous catalysts soap 
formation is avoided, but the catalysts can be deactivated by leaching [Casas, 2009]. These 
issues are discussed more comprehensively in section 6.6 on process routes. In Table 6.2  
useful data on heterogeneous catalysts is presented. 
 

Stellenbosch University http://scholar.sun.ac.za



170 
 

Table 6-2 Useful data on heterogeneous catalysts [Helwani, 2009] 
 

 
 
 
The third group of catalysts attracting attention are lipases which due to their high costs are 
immobilised. This conditioning process makes for ease of recovery and reuse, also in 
biodiesel production. A range of lipases and other esterases have been tested for biodiesel 
production. Mixtures of lipases with different substrate specificities will act synergistically; 
alternatively one lipase could have activity on FFA while the other could have a high activity 
on triglycerides [Nielsen, 2008]. In practice the enzymes could be selected as a cocktail for a 
specific composition of feed stock. In the section on process routes, enzymatic 
transesterification is more comprehensively addressed. 
 
In discussing the chemistry of biodiesel production, base organocatalysts were mentioned. 
In particular guanadines are the most active molecules with their effectiveness as a catalyst 
directly correlating with their basicity. [Cerro-Alarcón, 2008] Basic molecules generically 
named as phosphazenes can be prepared in a wide range of basicities, two compounds 
being tert-butylimino-tris (dimethylamino)phosphorane and 1-tert-butyl-4,4,4-tris 
(dimethylamino-2,2-bis[tris(dimethylamino)-phosphoranylidenamino]-2Λ,4Λcatenadiphos- 
phazene) more easily identified as P1-t-Bu and P4-t-Bu respectively. In experimental work, 
these two catalysts yielded similar results to base catalysts, but did not present the 
complications of unwanted secondary reactions, making purification more difficult. 
Furthermore, methanol and ethanol produced similar yields. After the reaction the 
phosphazene can be recovered in the methanol as well as in the glycerol. In glycerol this is 
done using an ion exchange resin to retain the phosphazene after which it can be recovered. 
The purification is thus essentially water-free. This type of catalyst offers economic 
advantages as separation is easier, the time needed to attain equilibrium conditions is 
reduced and better quality glycerol is obtained. The neutralization step that yields an 
aqueous solution of a salt, for example NaCl, if HCl is used to neutralise the base catalyst, is 
not necessary. Further work on this catalyst type is warranted if it is to be used in 
commercial production [Cerro-Alarcón, 2008]. 
 
A number of novel catalysts are also being investigated, compared to liquid inorganic 
catalysts such as sodium hydroxide. One such catalyst found by a team from the Hua Zhong 
Agricultural University in the Wuhan province of China, is carbonised chitin, derived from the 
chitin secreted by aquatic animals to make shells. A particular aquatic animal which could be 
used, will be prawns of which China is the world’s biggest producer at 1 million tonnes per 
year. It was found that the carbonised chitin  remains solid and active for ten cycles. Also 
being organic, it is biodegradable and when discarded, it is harmless to the atmosphere 
[Biofuel news, 2009 (August 14)]. 
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Another catalyst that is proving to be interesting as it is a renewable resource, is the calcined 
shells from the mud crab (Scylla serrata) of which there is an increasing supply through 
aquaculture in Malaysia. The shells do not have other uses and as the crabs malt regularly 
during their life time, an abundant supply is available. Shells of oysters and chicken eggs 
have been used, in effect CaO, which is known to be an effective heterogeneous catalyst. 
The calcined (700˚C) crab shells could be used for up to 11 cycles [Boey, 2009]. 
 
Based on the thinking behind recyclable solid acid catalysts such as Naflon, which is 
expensive and with a lower activity than liquid acids and sulphonated naphthalene, 
sulphonated catalysts were developed based on sugars [Toda, 2005]. In the incomplete 
carbonization of sugars such as sucrose and D-glucose, small polycyclic aromatic carbon 
sheets in a three-dimensional sp-3 bonded stable structure with a high density of active sites 
is formed. By treating these compounds with sulphuric acid, sulphonite groups are then 
introduced. In effect a sulphonated carbon catalyst is prepared. It is insoluble in water, 
methanol, organic solvents and oleic acid. It is stable at high temperatures and is 
environmentally benign. Raw materials such as saccharides can be used to prepare it and it 
is claimed to be suitable for biodiesel production [Toda, 2005]. There is also work reported 
on using a charred mixture of inexpensive sugars, starches or cellulose, which was treated 
to form an effective solid-acid catalyst for biodiesel production [Ashley, 2006]. 
 
For supercritical transesterification, conventional thinking implies the absence of a catalyst. 
As mentioned in a further paragraph, good conversions were achieved with the use of KOH 
with co-solvents. Calcium oxide has been investigated in the supercritical process route as 
well, noting that it does not perform well under ambient temperature and low molar ratios of 
oil to methanol. In contrast sunflower oils could be converted completely within 6 minutes to 
biodiesel at 525 K with 3 wt% CaO and a 41:1 methanol to oil ratio, the determined optimum 
conditions [Demirbas, as reported by Wen, 2009].  
 
As mentioned earlier, co-solvents are used to facilitate a viscosity reduction of the 
triglyceride and enable mass transfer in the first of the three reversible reactions comprising 
the transesterification route. A number of researchers reported on the addition of ethers to 
facilitate contact between the catalyst and the oil as the former is present in the methanol 
phase. Tetrahydrofuran was mentioned earlier but 1,4 dioxane, diisopropyl ether, dimethyl 
ether, diethyl ether or tertiary butyl methyl ether (MTBE) are all possibilities. Dimethyl ether 
used as a co-solvent in acid transesterification with comparatively short residence times, 
gave extremely good yields [Guan, 2008]. The co-solvents are thought to lower the 
interfacial tension between methanol and the feed stock [Casas, 2009]. A further opinion is 
that tetrahydrofuran is a mixing solvent agent and it enables the reaction to be in one phase 
[Çağlar, 2007]. With tetrahydrofuran (THF) at room temperature and atmospheric pressure 
using KOH as a catalyst, it was found experimentally that a conversion of 99,89 wt% to 
methyl ester occurred within 10 minutes at a volume ratio of oil to THF at 1:0.5 whereas at 
1:0.25 THF miscibility of reactants did not occur. As THF has a boiling point similar to 
methanol, these two reactants can be recycled after transesterification without prior 
separation [Çağlar, 2007]. 
 
The utilisation of a co-solvent implies lower reaction times in batch reactions and smaller 
reactors in continuous transesterification. When a combination of microwave irradiation and 
MTBE was used, the mass transfer resistance was decreased in the first stage of the 
reaction and it was observed that glycerol separation was easier [Hernando, quoted by 
Casas, 2009]. It is also reported that using MTBE as a co-solvent, it is possible to obtain 
biodiesel with methyl ester content higher than 98% wt. within the first five minutes of the 
reaction [Casas, 2009]. 
 
In discussing supercritical transesterification, propane used as a co-solvent is mentioned. It 
was reported to decrease the reaction temperature and pressure, as well as the methanol to 
oil ratio [Nisworo, 2005]. It is thought that the co-solvent increases the mutual solubility of 
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methanol and vegetable oil. Also the critical properties compared to pure methanol are 
reduced, as in the binary system of propane and methanol; critical points were decreasing 
with increases in the molar ratios of propane to methanol [Wen, 2009]. As is more 
comprehensively discussed in the section on process routes, work was also done on using 
both hexane and CO2 separately as co-solvents or in the presence of KOH as a catalyst. 
Good conversion to methyl esters were obtained at reaction temperatures and pressures 
below those reported in work done without the use of any of these co-solvents [Yin, 2008].  

6.5.4  Products 

 
The aim of the plant is to produce biodiesel, the alkyl esters derived from reactions of 
substances containing acyl glycerols such as vegetable or animal fats and oils. Resulting 
from the conditioning of the feed stock for processing and from chemicals introduced during 
the unit processes, a number of other products are also formed which have to be considered 
and treated or separated from the main product. The costs associated with recovering or 
treating these products have a bearing on the economics of the biodiesel plant. It is reported 
that for example it was found that glycerol often dictates the profitability of a biodiesel plant 
[Zappi, 2003]. 
 
Some of the products in the pre-treatment stage are common to other processes where oils 
and fats are used as feed stocks, as for example producing products like cooking- or salad 
oil for foods. The degumming and de-acidification unit processes will also be done, and 
therefore these products resulting from these unit processes are not specific to biodiesel 
production. It will be attempted to identify products specific to biodiesel production. 

6.5.4.1  Glycerol 

 
 Apart from biodiesel, the most significant product resulting from the transesterification 
reaction is glycerol. It is produced as a by-product in the mass ratio of 1:9 to biodiesel [Seay, 
2008]. It occurs in combined form (triglycerides) in all animal fats and vegetable oils and 
constitutes on average about 10 percent of these materials [SDA, 2000]. 
 
 Glycerin, sometimes spelled glycerine, is a commercial product whose principal component 
is glycerol. Glycerol has the chemical formula C3H5(OH)3 and is a trihydric alcohol, 
possessing two primary and one secondary hydroxyl group, making it an extremely versatile 
chemical raw material [SDA, 2000]. In its pure form it is a sweet- tasting, colourless, 
odourless, viscous liquid, a common metabolite and structurally a simple compound [Citterio, 
2008]. It is completely soluble in water and alcohols, slightly soluble in many common 
solvents and insoluble in hydrocarbons. Glycerol is highly stable under typical storage 
conditions, compatible with many other chemical materials, virtually non-toxic and has no 
known negative environmental effects [SDA, 2000]. It has a molecular weight of 92,09 g/mol; 
liquid glycerol under normal atmospheric pressure boils at 290˚C and its specific gravity is 
1,26 [Zappi, 2003]. Pharmaceutical grade glycerol contains >99,5 mass % glycerol [Glišić, 
2009]. The chemical structure of glycerol is depicted in Figure 6.10 and that of a typical 
triglyceride for which it forms the back bone, is depicted in Figure 6.11. 
 

 
Figure 6.10 The glycerol molecule 
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Figure 6.11  Chemical Structure of a Typical Triglyceride [Zappi, 2003; from Nelson 
and Cox, 2000] 
 
The three pathways from fats and oil to glycerol are firstly, through hydrolysis where fatty 
acids are also produced and subsequently esterified. Secondly, through transesterification 
(base–catalysed), methyl esters and glycerol are produced. Thirdly, with saponification 
glycerol and soap are produced [Yazdani, 2007].   
 
The 2009 global market for glycerol was estimated to be about 1 million tonnes/year. It is an 
important product of the oleochemicals market for which animal fats and vegetable oils are 
the main feed stocks [Gibson, 2005]. It can also be synthesized from petrochemical building 
blocks such as propene. Other methods of production are by the fermentation of sugar or the 
hydrogenation of carbohydrates [Sbioinformatics, 2009]. With the increasing production of 
biodiesel which could go as high as 23 million tonnes in the next few years, a saturated 
market for glycerol could become a very difficult market with very low returns for this 
chemical [Gibson, 2005; Seay, 2008]. It is observed that current market applications for 
glycerol are not likely to support this increase [Fabbri, 2007]. Industry analysts also believe 
that the future economic viability of the biodiesel industry depends on the creation of new 
markets and applications for glycerol [Abhari, 2009]. Considering the increase in biodiesel  
production in Germany, despite its versatility, glycerol has an inelastic market with the result 
that it is easy to flood the market [Amigun, 2008]. On the same lines, it was estimated that 

Stellenbosch University http://scholar.sun.ac.za



174 
 

70 million US gallons – 333 000 metric tonnes – of crude glycerine will be produced by the 
U. S. biodiesel industry in 2011 [White, 2011]. 
 
 The glycerol needs to be removed from the reactor product stream as glycerol is converted 
into formaldehyde or acetaldehyde when combusted, creating health hazards [Helwani, 
2009]. The removal takes place after the reaction by settling or centrifugal sedimentation. 
The three hydroxyl groups in the glycerol molecule makes it more hydrophilic than the 
compounds in the oil phase and polar compounds will associate with it in this separation 
process [Leveson, 2007]. The glycerol is then purified to be used in its traditional 
applications in the cosmetics and pharmaceutical industries, the market sectors shown in  
Figure 6.12. With more than 1 500 uses, in reality glycerol is an extremely useful product 
and it is instructive to quote the following from a report reviewing the engineering aspects of 
the biodiesel industry prepared by the Mississippi University [Zappi, 2003]: 
 
“Glycerol is widely used as a solvent, as a sweetener; in the manufacture of dynamite, 
cosmetics, liquid soaps, candy, liqueurs, inks, and lubricants. It is also used to keep fabrics 
pliable, as a component of antifreeze mixtures, as a source of nutrients for fermentation 
cultures in the production of antibiotics, and in many aspects of medicine. Glycerol can be 
used as a lubricant in situations where an oil would fail. It is recommended for use in oxygen 
compressors because it is more resistant to oxidation than mineral oils. Cosmetic, food, and 
pharmaceutical manufacturers may use glycerol instead of oil for a lubricant, especially if the 
products come in contact with the lubricant. Glycerol is also used as a humectant in tobacco 
products. In processing tobacco, glycerol makes up an important part of the casing solution, 
which is sprayed onto the tobacco before the leaves are shredded and packed. When 
processing chewing tobacco, glycerol adds sweetness and prevents dehydration. It is also 
used as a plasticizer in cigarette papers.” 

             
Figure 6.12  Breakdown of the different market sectors for glycerol [ Bloch, 2008] 
[Abstracted with credit to Institut Français du Pétrole, copyright 2008] 

 
For markets in industrialised countries paradoxically the versatility of glycerol and the 
number of uses makes it problematic for sales in large volumes. This is aptly summarised in 
the comment from Jungermann:  
 
“ Glycerol is a versatile chemical. It is found in baby care products and embalming fluids 
used by morticians, in glues that hold things together and in explosives to blow them apart; 
in throat lozenges and in suppositories” [Dasari, 2007]. It follows that the market for glycerol 
is highly fragmented. For a smaller country with a concentrated manufacturing capability, it 
has unique potential as a fine chemical and major building block in a biorefinery. 
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The versatility of glycerol is due to its physical properties and characteristics. As significant 
are its chemical properties where its hydroxyl groups are its potential reaction sites. Its 
applications appear to be limited only by the imagination and creativity of the scientific and 
techniclal communities [SDA, 2000]. Therefore it is ideally suited to be a base chemical in a 
biorefinery [Yazdani, 2007]. This can be substantiated by considering the types of reactions 
possible and the locations of the functional groups as illustrated schematically in Figure 6.13: 
                                                                                                 
    

      
  
Figure 6.13  The Glycerol molecule showing the sites for C-3 platform reactions [Citterio, 2008] 
 
If the glycerol molecule as depicted in Figure 6.13 is studied, it is seen that it structurally 
analogous to sugars and conversion processes developed for glycerol would also be 
applicable to products like glucose, xylose and similar compounds. Secondly, selective 
oxidation of glycerol leads to a very broad family of derivatives in the polyester and nylons 
market and other long chain chemical compounds. Technical barriers for production of these 
materials include the need to develop selective catalytic oxidation technology and simple 
oxidants that can operate on a polyfunctional molecule such as glycerol [Dasari, 2007]. 
 
Hydrogenolysis or chemical bond breaking will lead to the formation of a number of valuable 
intermediates such as glycols. Industrially important glycols are ethylene glycol, diethylene 
glycol, triethylene glycol and propylene glycol and these products are manufactured using 
petroleum based chemistry. In this case the issue is to develop catalysts that can 
differentiate between C-C and C-O bonds in performing these transformations on glycerol 
[Dasari, 2007]. 
 
Biorefineries have been proposed to increase the economic viability of the biofuels industry 
[Yazdani, 2007]. In its conventional form, the biorefinery will be designed to make use of a 
fraction of the feed stock to co-produce a higher value, small-market co-product. Depending 
on its value, it would not have been economically viable to produce only the co-product, but 
if it is done as part of the process of producing the main product, it benefits from the 
economies of scale associated with the production of the main product. A more economically 
viable model for a biorefinery is to consider the by-product as a waste stream generated, in 
this case, during the production of biodiesel. With a price of 3 US cents/lb in 2007, glycerol 
had about no economic value and major producers have shut down their producing/refining 
operations because of the surplus created by the U.S. biodiesel industry [Yazdani, 2007]. To 
make matters worse, every industry that uses animal fats or vegetable oils, as for example 
the oleochemicals industry, generates glycerol as a waste stream. The valorization of 
glycerol has therefore received considerable attention lately. Crude glycerol from the biofuels 
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industry contains residual catalyst, water, inorganic and organic impurities and is too 
complex and expensive for small scale producers to handle, especially if their facilities are 
geared to biodiesel production. To take glycerol to a level of purity required by the food and 
pharmaceutical industries, will require either vacuum distillation or ion exchange refining 
[Dasari, 2006]. 
 
With its extremely useful molecular structure, glycerol however, is a convenient starting 
material in both the chemical conversion process route and/or the biological conversion 
process route. As reported in “Chemical Engineering”, the huge amounts of glycerol 
produced as a by-product of the biodiesel production process has led to the development of 
process technology to monetize this byproduct [D’Aquino, 2007].  Some conceptual 
processes for both the abovementioned process routes will be discussed below.  
 
Recently developed applications include polymers and lubricants [Casas, 2009]. For 
polymers such as polyurethane foam, the demand in the United States is 2,8 million tonnes, 
the value of this sector being over $13 billion [White, 2011, quoting Schultheis, 2011]. One of 
the main components of the polyurethane foam is the polyol which is reacted with an 
isocyanate. The former reactant can be developed from glycerol, as opposed to polyols 
derived from fossil fuels or products such as castor oil or soybeans. It is known as a bio-
polyol and has been produced at the research arm of the Ohio State College of Food, 
Agriculture and Environmental Sciences. The process is being patented and 
commercialised. 
 
 A further very interesting U.S. patent revealed that methanol could be produced from 
glycerol itself, thus opening an avenue to produce raw material from the by-product of the 
transesterification reaction [Boey, 2009]. At the same time Isis Innovation, the technology 
transfer company of the University of Oxford, announced that it also discovered a new way 
of producing methanol from glycerol [Biofuels-news, 2008 (November 5)]. It is a direct 
process operating under readily achievable mild conditions of 1 000˚C and 20 bar pressure. 
The process offers an alternative to methanol production from natural gas from which 90% of 
methanol produced is derived presently. 
 
Another invention relates to a process to react glycerol and hydrogen in the presence of a 
catalyst containing tungsten and nickel under conditions of high temperature and pressure. 
The products resulting from this process include propylene glycol (1,2 propanediol), 1,3 
propanediol, and propane synfuel, all resulting from the hydrogenation of the glycerol 
molecule [Abhari, 2009]. The composition of the products can be varied from a chemicals 
mode at below 600˚F (315ºC) with propanediols produced, to a synfuel mode with propane 
produced at refinery conditions, 2 200 psig (15 MPa). At the lower temperature, simple path 
distillation, according to the description of the invention, may be used to separate unreacted 
glycerol, n-propanol, acetol and other lower alcohols from the main product resulting from 
the catalytic hydrogenation [Abhari, US patent 20090054701, 2009]. 
 
The petroleum route to propylene glycol involves the cracking of the heavy fraction of crude 
oil to form propylene which is then converted into propylene oxide and hence propylene 
glycol. Using acetol as an intermediate, a novel reaction mechanism was identified to 
convert crude glycerol into propylene glycol [Dasari, 2007]. A copper/chrome catalyst is used 
for the liquid phase hydrogenation of glycerol. Propylene glycol or 1,2 propanediol is an 
aliphatic organic compound with its physical and chemical properties intermediate to those of 
alcohols and glycerol. Propylene glycol is an important chemical intermediate as it contains 
two hydroxyl groups and it also has a wide range of practical applications. These 
applications range from uses as automotive antifreeze, aircraft de-icing fluid, a heat transfer 
medium and chemical process fluid, to thermo set plastics, clothing, latex paints, surface 
cleaners, humectants, food and cosmetic/pharmaceutical applications. The global market for 
propylene glycol amounted to 1,04 million tonnes during 2007 [D’Aquino, 2007]. 
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Patent WO 2007010299 (20070125) relates to a process for the selective vapour phase 
hydrogenation of glycerol where the alteration of the process conditions enables the 
selection of 1,2 propanediol or propanols as the major component [WIPO, 2007]. The 
process involves the glycerol being contacted with a stream of a hydrogen-containing gas 
and subjected to hydrogenation in the vapour phase in the presence of a catalyst at a 
temperature  from about 160˚C to about 260˚C and at a pressure from about 10 bar to about 
30 bar, a hydrogen to glycerol ratio of 400:1 to 600:1 and a residence time from about 0,01 
to about 2,5 secs. This can be done in a hydrogenation reactor and the hydrogenation-
products containing gas may include minor amounts of inert gases and low molecular weight 
hydrocarbons. Copper containing or cobalt containing catalysts were all found to be suitable 
in a fixed bed configuration. A particular catalyst used is DRD 9289 A from Davy process 
Technology Limited, who developed the process [Crabtree, 2006]. 
 
The invention resulted from work being done on homogeneous catalyst systems to convert 
sugars and glycerol to ethylene and propylene glycols. Although the catalytic hydrogenolysis 
of aldoses (glucose, xylose and their polymers cellulose, starch) and alditols (glycerol, 
sorbitol) has been known for some 70 years, issues around commercial implementation 
were low selectivity of desirable products, and the tendency of catalysts to degrade. The 
Davy process route claims to have overcome these drawbacks and flow sheets have been 
developed depicting the unit processes involved [Crabtree, 2006]. 
 
Research has also been done on the pyrolysis and steam gasification of pure and crude 
glycerol to gaseous products like syngas. The hydrogen rich synthesis gas was produced 
using nickel supported on alumina catalysts. Thermal cracking was done using HZSM-5, Y-
zeolite and у-alumina catalysts and it is suggested that products such as acrolein and 1,3 
propanediol can thus be obtained [Valliyappan, 2004]. 
 
The second process route for the transformation of glycerol into more valuable products 
involves biological conversions. This route could help circumvent the disadvantages of 
chemical catalysis such as selectivity problems for desired products, high pressures and 
temperatures for some of the unit processes employed and problems associated with 
contaminants in the glycerol feed stock [Yazdani, 2007]. Secondly, in conventional biodiesel 
production thinking, it costs three times as much as the glycerol is worth, to purify it for use 
in cosmetics and animal feeds [Venkataramanan, 2011]. The size of the problem is 
illustrated by the fact that the U.S. production of biodiesel was 500 million US gallons, while 
Europe produced 2,75 billion US gallons in 2009. This translates roughly to a supply of about 
1 million tonnes of glycerol which on its own will satisfy the global demand if acceptable in 
terms of quality. As a waste product in biodiesel production, glycerol is very competitive with 
sugars used in the production of chemicals and fuels via microbial fermentation. As can be 
seen in Figure 6.14, twice the amount of reducing equivalents is generated when using 
glycerol in the production of succinic acid.  
 
In the fermentative metabolism of glycerol by microbes, the main pathway for species in the 
Enterobacteriaceae family is the synthesis of 1,3 propanediol. This comes about through the 
highly reduced state of carbon in the glycerol molecule. Some other species of micro-
organisms have also been successfully employed in research work [Yazdani, 2007]. 
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Notes: The pathway for the generation of reducing equivlalents during the conversion of 
glucose , xylose and glyceol into glycolytic intermediates phosphoenolpyruvate (PEP) or pyru- 
vate (PYR) is shown. The conversion of PEP into succinic acid is also illustrated. Broken lines 
represent pathways composed of several reactions.  

            H = NADH/NADPH/FADH2, reducing equivalents 
             The degree of reduction per carbon, к, is indicated in parenthesis. 
              

Figure 6.14  Routes to the production of succinic acid [Yazdani, 2007] 
 
 
The difference in fermentative processes compared to anaerobic fermentation is that 
anaerobic fermenters use less energy and are less expensive to build. Species such as 
klebsiella, Citrobacter, Enterobacter and Clostridium butyricum or acetobutylicum are natural 
organisms for the fermentatation  of 1,3 propanediol and other products such as butanol. 
With the strain Clostridium butyricum VPI 1718 biodiesel derived glycerol was successfully 
converted to 1,3 propanediol under non-sterile fermentation conditions. Yields of 0,52-0,55 g 
per gram of glycerol consumed, were obtained. This was done as a continuous operation as 
well, where a steady state was maintained for 16 days [Chatzifragkou, 2011].  
 
 For Klebsiella planticola and Enterobacte raerogenes  products like ethanol, formate and 
hydrogen are produced. E.coli can also ferment glycerol with extremely high yields and 
products such as succinic acid, propionic acid, formic acid, butanol and ethanol can be 
produced. Using glycerol as the feed stock rather than sugars is predicted to result in lower 
capital and operational costs. For ethanol this can be seen in the block diagram depicted in 
Figure 6.15. Using a non-pathogenic strain of bacteria found in soil which is claimed to ‘eat’ 
glycerol, Clostidium pasteuranum, butanol, propanediol and ethanol, as well as acetic acid 
and butyric acid are produced. Yields obtained at the University of Alabama, Huntsville, 
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indicate that 30 – 35 % of glycerol is changed to butanol and 25 – 30 % into chemicals for 
plastics manufacture [Venkataramanan, 2011]. 
 

 
Notes: For the two process routes for ethanol production, the table shown  as an insert compares the 
feed stock and processing costs. Calculations are based on the 2003-2005 period, except for glycerol, 
which reflects a 2005 price. A 25% molar yield was assumed for ethanol derived from glycerol and the 
feed stock cost for ethanol derived from corn (maize) was taken to be a net price. Similarly glycerol 
revenue excluded possible proceeds from co-products such as H2 or formic acid. 

 
Figure 6.15  Comparison of ethanol production from corn-derived sugars with ethanol 
production from glycerol including cost estimates. Acknowledgment [Yazdani, 2007] 
 
Water is the polar solvent of choice but the negligible solubility of many organic and organo-
metallic compounds in it, limits its applications. Glycerol is not only a green chemical, but is 
compatible with most organic and inorganic compounds and dissolves organic compounds 
that are poorly miscible in water. On the other hand, different hydrophobic solvents such as 
ethers and hydrocarbons are immiscible in glycerol, allowing for easy separation in 
extraction processes. The high boiling point of glycerol makes distillation an option in 
separation [Wolfson, 2007]. Reactions in which glycerol can be employed as the solvent are 
nucleophilic substitution, reduction, catalytic reduction, Heck coupling, aymmetric 
hydrogenation and transesterification. 
 
Glycerol can also be used in animal feeds [Berrios, 2008]. In particular, glycerol as a glucose 
precursor, is an excellent feed constituent in rations for ruminants such as cattle and sheep 
[Whittington, 2006]. It has also been used as a wetting agent and dust suppressant in meals 
formulated for animal feeds. In Australia the Department of Agriculture and Food has also 
trialled it for its potential to ameliorate non-wetting sands [Whittington, 2006]. Another 
interesting application for glycerol is its use as a compost accelerator [Bioking, 2006]. 
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6.5.4.2  Other products 

 
If the alkaline process route is considered, the products used following the introduction of the 
catalyst, as well as the subsequent removal of undesirable products in purifying the biodiesel 
stream and acidifying or neutralising various chemical species, have to be considered. 
Secondly, especially if the ester is distilled, it will have a residue output of almost 2% of the 
biodiesel output. This product contains some very valuable substances like vitamins and 
tocopherols [Matthys, 2003]. 
 
In this dissertation the focus has been on individual products like glycerol in terms of by-
products obtained in biodiesel production. If one considers the products from 
transesterification, it is easy to identify the main product as biodiesel and classify the other 
products containing glycerol, fatty acid soaps and residual fatty acids or esters as a co-
product stream (CSBP). This co-product stream can actually be subjected to fermentation 
and the bacterial synthesis of poly-( 3-hydroxybutyrate) (PHB) with Pseudomonas 
oleovorans NRRL B-14682, and medium chain-length poly (hydroxyalkanoate) (mcl-PHA) 
polymers with Pseudomonas corrugate 388 [Ashby, 2004]. The CSBP stream as a carbon 
substrate can be used for PHA polymer production without the need to separate glycerol and 
the other products mentioned. The polymers generally exhibit properties that range from 
elastomeric- to adhesive-like depending on side chain length and degree of unsaturation. 
The polymers will consequently have commercial value, the extent probably warranting 
further in depth research.  
 
In a traditional biodiesel plant the amount of wastewater generated is about 200 kg per 
tonne of biodiesel produced [Fjerback, 2009]. If the water consumption for the biodiesel plant 
is considered, including boiler feed water and cooling water, it is estimated that the water 
requirement is 2 litres per litre of biodiesel produced [Saville, 2006]. The wastewater  
collected, resulted from washing the biodiesel after glycerol and methanol separation and 
wastewater containing salts resulting from neutralisation and glycerol upgrading. In 
considering the economics of biodiesel production, especially on a batch or small scale 
cottage industry, the cost in treating this wastewater is invariably ignored. The energy 
consumed and the environmental costs need to be considered in all cases. In particular, if 
there is waste water containing glycerol and methanol, although both compounds are 
biodegradable, they will severely influence the chemical oxygen demand of the water as they 
are both soluble in the water [Matthys, 2003]. It is said that in general, the ratio of wash 
water to biodiesel varies within the industry, ranging from 3:1 to 1:10. The quality of the feed 
stock and the process used, will affect the necessary volumes of water needed to clean the 
biodiesel [Boyd, 2004]. 
 
Earlier, in the section on catalysts, the properties of NaOH and KOH and some 
considerations around their salts were mentioned. Depending on the acid used to neutralise 
the catalyst, the anions Cl‾ or SO4²‾ are introduced into the system, or phosphate ions if 
phosphoric acid is used. Phosphoric acid is used in the degumming process and can be 
used to neutralise the catalyst. If the catalyst used is KOH, a precipitate K3PO4 will be 
produced, which can be used as a fertiliser [GenSolutions, 2006]. There are also ancillary 
by-products generated in the biodiesel process, especially in the purification section; also in 
the refining of the oil. These are for example filter aids or ion exchange resins which have to 
be regenerated or disposed of.   

6.5.4.3  Products using other acyl acceptors 

 
In the description of the processes using dimethyl carbonate in section 6.5.2.3, the products 
formed were discussed. For some other acyl acceptors like methyl acetate the products 
formed will depend on the acyl acceptor used as will also be mentioned in the section on 
process routes. 
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6.6  PROCESS ROUTES AVAILABLE FOR BIODIESEL PRODUCTION  

 
In the commercial production of biodiesel, especially where triglycerides from virgin oils are 
used, the usual process in transesterification involves alkali (base) catalysts. In looking at 
the economic feasibility of biodiesel production in South Africa, arguably only this process 
route could be considered. This does not represent a complete assessment, as conceptual  
models featuring other process routes are available in the literature, e.g. in a techno-
economic study, [Marchetti, 2008], and numerous other articles, [Zhang, 2003; Haas, 2005; 
West et al., 2007] and articles these authors refer to. Homo- and heterogeneous catalysis, 
including lipase, as well as process routes not using any catalysts have to be considered,  
[Marchetti, 2008], but this work with a commercial inclination has not been done up to now. 
 
The production of biofuels is essentially a question of agricultural production [Kaltner et al, 
2005] as the fuels fit into the chain of agro – business where at least two other factors have 
to be considered, the suitability and availability of land and climate, as well as having 
appropriate technology. The former two factors were comprehensively discussed in Chapter 
5 in this dissertation. Noteworthy, a major issue is the cost of the feed stock, if vegetable oil 
is used. Numerous studies quote a feed stock cost of the order of 70 -80% of the biodiesel 
cost [Haas, 2006; Shi, 2008]. If the starting material has a higher cost than the product, the 
cost benefit ratio will simply not be attractive. 
 
Ignoring some other growth drivers like energy security and environmental concerns [Bantz, 
2007], the viability of the biodiesel industry is dependant on cheaper feed stock and 
technology capability in processing multiple feed stock. Invariably such feed stock, typically 
waste cooking oil, inedible animal fats and other sources of triglycerides, contain 
contaminants and other constituents such as free fatty acids and water [Kinast, 2003]. The 
effect in terms of process routes for biodiesel production will be more unit processes, higher 
conversion costs; the generation of products that affects production and the treatment of 
effluents. Typically free fatty acids and water will promote saponification and hydrolysis 
[Schuchardt et al., 1998], and in addition introduce process separation issues such as 
emulsification and the neutralisation of catalyst in waste streams. Fundamentally, process 
complexity will lead to concomitant increases in equipment and operating costs [Zhang, 
2003]. 
 
The numerous feasibility studies available in the literature in general contain very little on 
flow sheets. Secondly, presumably for commercial reasons, process contractors are not very 
cooperative on providing process know how. Thirdly, at the fundamental research level, a 
huge amount of knowledge is available, but such knowledge has generally not yet been 
transformed into viable commercial plants. The exceptions are alkali catalyst based 
transesterification and lately fixed bed heterogeneous catalyst transesterification (the 
Esterfip-H process). Conceptual flow sheets are more readily found in post graduate 
research work from the departments of Chemical Engineering at universities such as North 
Dakota [Tapasvi, Wiesenborn, 2004], Ottawa [Zhang et al, 2003], Texas A&M [Myint, El-
Halwagi, 2007], Eindhoven, The Netherlands [Van Kasteren, Nisworo, 2007], Colombia 
[Zapata et al, 2007], Idaho [Van Gerpen, 2005], and Songkha, Thailand [Kapilakarn, 
Peugtong, 2007]. As Argentina assumes a more prominent role in biodiesel production, 
specialised Engineering Institutes like UNS-CONICET [Marchetti et al., 2008] and INCAPE 
[Vera, 2005] are providing studies with a commercial inclination, similar to the work by the 
ARS-USDA [Haas, 2005], the emphasis being on the alkali catalysed route. It is useful to 
present the alkaline or base-catalysed route as a process flow block diagram as a point of 
departure as is done in Figure 6.16: This figure was adated from a presentation by van 
Gerpen and includes the pre-treatment of crude oil by degumming. It is noted that the higher 
the dgree of refining of the feed stock, the less process problems are expected. 
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Figure 6.16  Process block diagram for the alkaline transesterification route [van 
Gerpen, 2005] 
[Adapted from van Gerpen, 2005] 

Apart from the alkaline (base) catalysis route used for most of the biodiesel production 
globally, for an assessment on commercial viability, it is believed that flow sheets on the 
process routes mentioned below can be developed and compared. From that, assuming a 
particular capacity, mass and energy balances can be done. With the extensive work 
reported on reaction rates and other chemical and physical variables, sizes for equipment in 
the various unit processes can be determined. This information in turn will allow cost 
estimates, either by obtaining quotations from suppliers or using cost data from the available 
literature. 

6.6.1  The homogeneous base catalyst process route 

      
Biodiesel is produced by the transesterification of a triglyceride (vegetable oil) with an 
alcohol (methanol or ethanol) in the presence of a base catalyst (usually sodium hydroxide 
or potassium hydroxide), to produce the respective fatty acid alkyl ester and glycerol 
[Stephenson, 2008]. The unit processes concerned will involve the preparation of the feed 
stock and the reactants for conversion, the reaction, the separation and the purification of 
the products obtained from the reaction. The choice of the number of unit processes is 
governed by the quality and purity of the feed stock and the physical properties and the 
quality requirements of the products. 
 
As discussed in the section on chemistry, transesterification involves three reversible 
reactions, whereby the triglyceride is converted successively to diglyceride, monoglyceride 
and glycerol, consuming one mole of alcohol and liberating one mole of ester in each step. 
The parameters to be optimised for these reactions include free fatty acids (FFAs), water 
content, molar ratio of alcohol to oil, reaction temperature and mass transfer between the 
reactants [Sharma, 2008]. In particular, free fatty acids which are the saturated or 
unsaturated monocarboxylic acids that occur naturally in fats, oils or greases, but which are 
not attached to the glycerol back-bone, will then react with the catalyst through 
saponification. Secondly, water causes hydrolysis, generating more FFAs and both the 
above reactions will result in a decreased conversion. Most researchers recommend FFAs 
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below 1% and essentially an anhydrous feed stock for the transesterification reaction; a 
molar ratio of 6:1 alcohol to feed stock; catalyst addition at 1% of the mass of feed stock and 
a reaction temperature of 60°C (assuming methanol to be the reacting alcohol). 
 
As the triglyceride is normally the product of some unit processes in the agro-business, it is 
unlikely to have a specification matched to the transesterification requirements. Extensive 
refining is required to remove contaminants such as the FFAs, water, phosphatides, 
vegetable mucilage and colloidal compounds. A number of unit processes have to be done, 
involving degumming, neutralisation and filtration. The catalyst also has to be mixed with the 
alcohol for ease of work in the process. 
 
For hydratable gums, through hydration the phosphatides become water insoluble and are 
then precipitated and decanted or removed centrifugally.  Non-hydratable gums can be 
conditioned into a hydratable form by the use of a strong acid which destroys the phospho- 
lipid. Using hot water and the subsequent neutralisation of the excess acid, the products can 
then be separated. The free fatty acids also have to be removed, usually by conversion to 
soap stock, with a strong base. Separation and centrifugation are then used to remove these 
products, prior to drying the feed stock to remove water. For drying, options include vacuum 
drying and falling film evaporators. 
 
Following the transesterification reactions, the objective is to separate and purify the alkyl 
esters as well as employ unit processes to recover reactants and unreacted feed stock, 
neutralise catalysts, and handle further products introduced including glycerol. The principal 
unit processes for the purification section of the process are distillation and gravity 
separation. The processes are governed by the liquid – liquid equilibrium behaviour of the 
main constituents. It has been observed that below 500 K one immiscible pair (glycerol and 
methyl ester) and two miscible pairs (methanol and methyl ester and methanol and glycerol) 
exist [Hegel, 2008]. 
 
Phase behaviour at steady state affects the kinetics of the reaction. Also the choice of 
alcohol has an effect on the composition of the phases. As an example, in butanolysis mono- 
phasic behaviour was observed, whereas in methanolysis and ethanolysis the reaction 
started as two phases, then emulsions were formed, after which with the presence of 
glycerol formed during the reaction, a glycerol/methanol phase was observed [Zhou, 2006]. 
The catalyst associates with the glycerol phase, affecting the equilibrium in the 
transesterification. From a point of view concerning flow sheet development, two possibilities 
exist. The unreacted oil could be removed in purification or a second transesterification step 
could be introduced with glycerol removed and the mix of catalyst and methanol added to 
the stream going to the second reactor. The latter method, with probably a higher capital 
cost seems to be preferred, compared to more energy being spent in separating oil and 
biodiesel with the risk of dissociation of biodiesel and oil at the relatively high temperatures 
utilised. 
 
Being mindful of the reversibility of the transesterification reaction, the consequences in 
terms of sizing and energy requirements in the purification section, a number of conceptual 
flow sheets available in the literature was studied. For plants with capacities in the industrial 
range, decantation was followed by washing or distillation of methanol for recovery in the 
seven cases studied. In a study on the optimisation of a 100 000 tonnes per year plant, of 
the four permutations possible, decantation followed by distillation was preferred [Myint, 
2008]. The rationale is that it is preferred to remove methanol at the beginning of purification 
as excess methanol tends to act as a solubilizer and interferes with the biodiesel separation 
by slowing down the process. On the other hand, in the presence of catalysts, removing the 
excess methanol will shift the equilibrium towards the reactants and can reverse the 
transesterification [Van Gerpen, 2004]. It is instructive to consider a decision tree on the 
alternatives, as in Figure 6.17 
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Figure 6.17  Decision tree on biodiesel separation [Myint, 2007] 

 
The two process flow sheets available from the process contractors Crown Iron Inc. and 
Lurgi PSI, as well as the ARS-USDA work [Haas, 2006], all indicate separating biodiesel and 
glycerol after transesterification. To be noted is that a number of simulations using HYSYS 
and ASPEN software packages were done for different process routes at a throughput of 1 
000 kg/hr, [Zhang, 2003]; and subsequent papers based on the same methodology, and in 
these cases methanol was distilled and recycled as the first unit process in purification. A 
reason could be that higher molar ratios of methanol to oil are used in the research reported, 
as compared to the 6:1 molar ratio in alkaline or base catalysis. It may be useful to compare 
the costs associated with the different permutations, noting that factors such as operator 
expertise could even be considered in the selected purification route. 
 
Apart from identifying major items of equipment in the different unit processes, at least three 
more categories of equipment have to be specified for estimating purposes, namely pumps, 
heat exchangers and storage vessels. In an estimate at a capacity of 33 000 tonnes per year 
of biodiesel produced, it was found that storage facilities contribute over 30% of capital costs 
[Haas, 2006]. In this study, a flow sheet has therefore been developed and compared with 
flow sheets previously mentioned [Tapasvi, 2006; Haas, 2006]. It differs from the USDA work 
in that it assumes crude oil, methanol is recovered in an earlier unit process and both the 
biodiesel and glycerol purification is handled differently. 
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 In personal communication with Dr. Michael Haas (9 February 2009), he welcomed the 
practical chemical engineering approach in this study, as opposed to the theoretical work 
done at other reseach centres and mentioned that the Superpro demo model (USDA work) 
affords only one process view.  The work by Tapasvi covers only the process area and could 
only be consulted for the mass and energy balances.  
 
The flow sheet developed for a 40 000 tonnes per year alkali catalysed biodiesel production 
facility is depicted in Figure 6.18. For easier reading, the figure can be enlarged, however it 
was considered prudent to enclose it in this study in A2 size, but trimmed and folded. In this 
chapter, as well as in Chapters 7, 8 and 9, this process route is referred to as the 
homogeneous alkali catalysed alcoholysis process route (HACA). 
 

 
 
Figure 6.18  Flow sheet developed for the base (alkali)-catalised (HACA) process route    
 
In developing the specific flow sheet,  it was necessary to keep in mind that a number of 
commercial plants are in operation in other countries using crude vegetable oils with  low 
water content and free fatty acids as feed stock. To stay within the battery limits for the 
scope envisaged for the process route, the vegetable oil processing plant was shown as a 
vendor package. This vendor package can be priced, based on the information presented in 
Chapter 5 or the cost of the crude oil as feed stock as detailed in section 5.10, can be 
incorporated in estimates. On the other hand feed stocks with an undesirable amount of free 
fatty acids can be handled by subjecting it to esterification, which is shown in the flow sheet 
as a vendor package. Other vendor packages are items like the soft (demineralised) water 
plant, boiler and other balance of plant items, more fully described in Chapter 7. 
 
Following degumming and soap stock removal, vapour removal ensures that the heated 
refined oil can be transesterified by the addition of methanol and catalyst. For gravity 
separation, centrifuges are used and for comparative purposes, a second transesterification 
reactor is used. Although European practice is trending towards distillation of biodiesel as 
the top product in the purification section, this flow sheet shows water washing  with the 
collected water and methanol vapour to be combined with the glycerol stream prior to 
methanol distillation. Glycerol is obtained in the stripper bottoms product and the alkali 
neutralised with an acid prior to gravity separation to remove waste water. An alternative 
could be to distill the glycerol with the associated cost implications. More important is that 
account should be taken of the tanks and pumps associated with the plant, as in particular a 
number of researchers alluded to the costs of these items. It is recognised that tanks and 
pumps are normally not incorporated in a process flow sheet but in an off-site flow sheet, 
however, the flow sheet depicted in Figure 6.18 could be marked up as a P&ID. Balance of 
plant costs such as control and instrumentation costs are listed in the HACA estimate. 
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As not all the readers of this study will be able to enlarge the flow sheet or have access to 
the folded copy enclosed in this document, a sketch of the reaction section as specifically 
developed is shown in Figure 6.19.  
 
 

 
 
Figure 6.19 Reaction section HACA process flow diagram 

 

6.6.2 The homogeneous acid catalyst process route 

 
In essence, the process flows comprising the alkaline catalyst and acid catalyst routes 
respectively are similar [Marchetti, 2005]. There is however other issues to be considered in 
developing flow sheets for homogeneous acid catalysis that have a material effect on the 
associated capital cost. Firstly, a distinction should be made between acid catalysis resulting 
in esterification and transesterification respectively. Furthermore, a number of researchers 
have published papers where esterification of feed stock is practised using strong inorganic 
acids to handle the free fatty acid issue prior to transesterification using base catalysis. 
These secondary process routes have different process conditions that will affect mass and 
energy balances and costs and will therefore be discussed separately. 
 
From the chemistry associated with biodiesel production, it is known that the presence of 
free fatty acids in the feed stock and water both have detrimental effects in using the base 
catalysis route. Therefore, additional unit processes are required to remove these species 
before the reaction. On the other hand, a one step approach involving, for example, 
sulphuric acid despite a lower reaction rate for transesterification could be used. The down 
stream purification of biodiesel and glycerol is straightforward and a comparatively high 
quality glycerol is obtained [Vasudevan, 2008]. 
 
The acid-catalysed process suffers from a number of drawbacks. The nature of the strong 
acids require that major items of equipment in the reactor step, as well as subsequent unit 
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processes up to neutralisation, need to withstand an acidic environment. Secondly, high 
alcohol ratios and long residence times are required, typically alcohol to oil molar ratios >30 
and reaction times longer than 24 hours at moderate temperatures and pressures. In an 
investigation of the transesterification of soybean oil with methanol using 1% concentrated 
sulphuric acid (based on oil), it was found that at 65°C and a molar ratio of 30:1 methanol to 
oil, a conversion of >90% was achieved only after 69 hr [Freedman, 1984, as reported by 
Zhang, 2003]. The presence of water also strongly inhibits the ester formation reaction. 
Consequently, a water concentration of 0,5% translates to a free fatty acid concentration of 
less than 5%. In some simulations using triglyceride mixtures with free fatty acid contents 
>4%, the following process parameters were used in the reaction: Alcohol-to oil molar ratio 
of 50:1; temperature 80°C; pressure 4 bar; catalyst load 1,3:1 molar ratio of sulphuric acid to 
waste oil. An oil conversion of 97% was expected after 4 hr of reaction [Zhang, 2003]. To 
explain the differences in the parameters reported, in the latter case esterification and 
transesterification were assumed. It is to be noted that in the purification section, methanol 
was distilled out as a first step and circulated back to the reactor inlet [Zhang, 2003]. A 
reason for this approach is the high alcohol to oil ratio. 
 
The conceptual flow sheet illustrated in this work utilises two transesterification reactors 
followed by neutralisation of the bottom streams which resulted from decantation unit 
processes [Marchetti, 2008]. Neutralisation can be effected with for example sodium 
hydroxide or calcium oxide. Subsequent treatment will then involve precipitation and solids 
removal. Dryers and distillation columns will be similar to the alkaline case. The flow sheet is 
depicted in Figure 6.19 and if comparing it with the base catalysed case and also the flow 
sheet developed in this study, it can be seen that in effect the neutralisation step after 
transesterification employs a reagent like NaOH to neutralise the acid. This occurs after 
phase separation. Following neutralisation, the alcohol is removed and the glycerol and 
biodiesel streams are treated not unlike base catalysed biodiesel production. 
 
 
 
 

 
 
Figure 6.20  Conceptual flow sheet for acid-catalysed biodiesel production [Marchetti, 
2008] 
 
On feed stock preparation, researchers differ on the necessity for phospholipids removal. 
One issue is whether these compounds will have an effect on the catalytic converters used 
in vehicles and also possibly complicating purification. Phospholipids were also suggested 
as a source of catalyst destruction [Van Gerpen, 2005], but it was found that phosphorous 
compounds did not carry over into methyl esters on purification. An interesting observation is 
that phospholipids are hydrophilic and tend to aggregate when moisture is present, 
especially in the presence of acidic water [Lu, 2008]. In sedimentation and washing, these 
compounds can be removed from the biodiesel stream. 
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A more practical approach to the issue of phosphorous present in the oil, is that it features 
as part of complex lecithin molecules [Matthys, 2003]. These are known to be extremely 
good emulsifiers. In practice the emulsions will be present as an in-between layer in the 
decanter after transesterification. The emulsification problems appear at concentrations 
between 4 - 6 ppm, despite claims by engineering companies that 20 ppm is acceptable, and 
it is advisable to rather have the degumming unit process included in the flow sheet, despite 
additional costs [Matthys, 2003]. 
 
In considering feed stock where higher concentrations of free fatty acids are present, a 
product mentioned earlier in the alkaline process route and also produced in the refining of 
edible oils as a by-product, namely soap stock, as well as acid oils will be examined for 
process parameters quoted in relevant research papers [Haas, 2005]. These products are 
cheaper than refined oils and have typically the following compositions. Firstly, soap stock 
consists of a heavy alkaline aqueous emulsion of lipids, containing about 50% water, with 
the balance made up of free fatty acids (FFA), phosphoacylglycerols, triacylglycerols, 
pigments and other minor non polar compounds, in volume in the case of soybean oil 
generated  about 6% of the amount of refined oil. 
 
Secondly, a product, derived from soap stock through acidulation with sulphuric acid and 
high pressure steam, essentially converts the fatty acid part of the saponification reaction 
that resulted in soap stock in the first place, into free fatty acids. In this way the emulsifying 
properties of the soaps are destroyed and some hydrolysis of acylglycerols also occur. The 
resultant mixture can be separated into an aqueous phase and an oil phase. The oil phase 
(called acid oil) will contain free fatty acids, triacylglycerols, diacylglycerols, mono 
acylglycerols, as well as the minor compounds originally present in the soap stock, that did 
not migrate to the aqueous phase. 
 
Comparing the two process routes (base and acid catalysts) using transesterification to 
produce alkyl esters, free fatty acids in the feed stock can be accommodated in the 
homogeneous acid catalysed route, but overall the reaction rates for converting triglycerides 
to alkyl esters are too slow [Van Gerpen, 2005]. In the section on the chemical reactions, 
esterification and transesterification in acid catalysis are more comprehensively discussed 
and in developing flow sheets and sizing equipment, reliable information on the different 
parameters from applied research is necessary. As was suggested, the inputs [Zhang, 2003] 
for a simulation probably did not explicitly differentiate between the sub process routes. 
 
In a statistically guided approach where full esterification of soap stock in powder form was 
done with prior removal of all water, the minimum reactant concentrations consistent with full 
esterification within 2 h of reaction corresponded to substrate molar ratios of 1:30:5 for fatty 
acid to methanol to sulphuric acid. This is reasonably in line with the information used in the 
simulations mentioned earlier [Zhang, 2003]. Those parameters could therefore be used for 
equipment sizing, should this process route be pursued. 

6.6.3  Integrated acid catalysed pre-esterification followed by base-catalysed    
transesterification    

 
In considering appropriate flow sheets for both acid and base catalysis, the presence of 
water was a critical issue. Furthermore in acid catalysis FFAs could be accommodated 
because they were esterified. Noting that the acid catalysed process route had a 
comparatively long residence time, it was found at the experimental level that with the 
presence of free fatty acids (FFAs), they were simultaneously esterified as transesterification 
occurred [Veljković, 2006].  When using multiple pre-esterification steps, it was necessary to 
remove water in between stages. Also esterification rates and yields are increased by higher 
alcohol to FFA molar ratios, catalyst concentration, temperature and pressure [Lothero, 
2006]. 
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If the pre-esterification is done, the homogeneous acid catalyst has to be removed before 
base catalysis. This generates a high quantity of by-products. As an example, for  a 97% 
conversion in a 10 000 tonnes/year plant, reaction period 240 minutes, 50:1 methanol to oil 
molar ratio and 0,14:1 wt of sulphuric acid, neutralising the H2SO4 with CaO, 2 000 tonnes 
per year of CaSO4 is generated [Di Serio, 2005]. 
 
 Highly refined oils for edible consumption will invariably not contain FFAs or water, but in 
oils like jatropha oil and other non-edible oils or waste oils, these products will result in 
undesirable side reactions. As these oils in general are less costly than refined oils, it is 
necessary to consider flow sheets designed to handle FFAs and either not have water 
present or remove it. These processing alternatives allow for the use of lower cost feed 
stock, but will require additional catalysts, and more unit processes. 
 
In the literature, conceptual flow sheets were developed for the process route using acid pre-
esterification followed by transesterification [Marchetti, 2008; Zhang, 2003; Zapata, 2007]. In 
one case, methanol distillation is done prior to phase separation, whereas in the other two 
cases the oil phase goes to transesterification, either as one or two stages. In the one step 
case, both reactors were tubular reactors and an economics study was also done. 
Developing the flow sheet presented by Marchetti and staying within the same battery limits 
as for Zapata, it will be possible to do an economic comparison. 
 
As mentioned earlier, in base (alkaline) catalysis, the conditioning of the feed stock for the 
reaction involves a neutralisation step where soap stock is formed and separated. On the 
other hand, for feed stock (jatropha oil) with a FFA content of 14-18%, the acid value was 
reduced from the initial 14 mg-KOH/g-oil to below 1,0 mg-KOH/g-oil in 2 hours under the 
conditions of 12% wt. methanol, 1% wt. sulphuric acid in oil at 70°C [Lu, 2008]. It is clear that 
for feed stock below a certain acid value, i.e. before other reactions like emulsification cause 
process difficulties, a choice could be exercised between neutralisation and pre-treatment 
through acid catalisation.  
 
A HYSYS simulation was in fact done by Zapata for a 100 000 tonnes per year plant with 
crude palm oil having 3,8% palmitic acid, going both the neutralistion (also known as caustic 
stripping, [Wan, 1991 as reported by Babcock, 2006]) and acid catalysed pre-treatment 
routes respectively. Flow sheets and equipment lists were generated and estimates 
compiled. Thus a technical as well as an economic comparison resulted. It was found that 
raw materials consumption was greater for neutralisation and less biodiesel was generated. 
The capital cost did not differ significantly, but for neutralisation a higher profitability resulted 
[Zapata, 2007]. In the simulation tubular reactors were used and a comparison can be made 
with the two transesterification stages using CSTRs. The two conceptual flow sheets are 
produced as Figure 6.21 and Figure 6.22. 
 
The trade off between the two approaches involves a decision as to firstly, the concentration 
of FFAs where too many side reactions will take place, and secondly choosing caustic 
stripping with proven technology and having to market or process the soap stock, compared 
to the pre-treatment technology that is less conventional, more catalyst intensive and not 
yielding soap stock [Babcock, 2006]. 
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Figure 6.21  Simulation based flow sheet of free fatty acid esterification with 

subsequent alkali-based transesterification [Zapata, 2007] 
 
 
 

 

 
 
Figure 6.22  Simulation based flow sheet with free fatty acids neutralised and  subsequent 
transesterification [Zapata, 2007] 

6.6.4  Heterogeneous catalysts process routes 

 
In the homogeneous process routes feed stock were converted to biodiesel in relatively mild 
process conditions. The products require additional separation procedures and catalyst loss 
was inherent, raising the overall cost of production and creating down stream environmental 
problems in waste disposal. 
 
In the heterogeneous catalyst routes, contrasted to more demanding process conditions and 
catalyst preparation, the catalysts can possibly be recycled or regenerated and less unit 
processes can be utilised. If the few flow sheets available for heterogeneous catalysts are 
studied [Marchetti, 2008; McNeff, 2008; Bloch, 2008], this study postulates that the unit 
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processes employed will not be materially different whether enzymes are used as catalyst or 
a solid catalyst and the distinction will thus be drawn between biological catalysts and 
catalysts derived from either inorganic or organic chemicals. 

6.6.4.1  The enzymatic catalyst process route 

 
From a chemical engineering perspective, there are many biochemical processes, especially 
in the food and pharmaceutical manufacturing industries. In general fermentation and other 
relevant unit processes have been utilised for thousands of years, but perhaps just not 
recognised as such. Also in nature, biodegradability, one of the features of biodiesel 
compared to diesel derived from crude oil, is a biochemical process. The advent of crude oil 
refining, with the processing of about 84 million barrels a day, placed the emphasis on petro- 
chemical plants. Lately though, as a small percentage of transportation fuels are catered for 
by biofuels, more research is dedicated to the processes involved. 
 
As opposed to biodiesel, ethanol is invariably produced through enzymatic processes. In this 
study, a superficial comparison is done in section 6.10, considering the enzymatic process 
routes in both cases, as in principle, with the exception of feed stock cost and catalyst; 
biodiesel should be less costly to produce. 
 
Biocatalysts are however gaining more attention nowadays and have the potential to 
outperform chemical catalysts for biodiesel production in the future [Vasudevan, 2008]. A 
variety of substrates have been used, including edible oils such as canola and soybean, as 
well as non-edible oils such as castor oil [De Oliviera, 2004]. Thus lower cost oils and feed 
stocks such as WCO and animal fats can be considered. Enzymes offer a promising route in 
the case of source materials having a high content of free fatty acid, through the multi-stage 
transesterification of triglycerides and the esterification of the fatty acids. Yields of fatty acid 
methyl ester exceeded 98,5% by mass [Lee, 2006].  In the reported articles, several lipases 
from microbial strains were reported to have transesterification activity, including Candida 
antarctica, Candida rugosa, Rhizomucor miehie, Rhizopus oryczae, Pheusodomonas 
cepacia and Pseudomonas fluorescens [Vasudevan, 2008]. In scientific literature at least 40 
lipase/biodiesel references have been reported on from 1990-2008 quoting 10 different 
lipases [Nielsen, 2008]. The lipases are formally referred to as tri acylglycerol acylhydrolases 
[Röttig, 2010] Commercially used lipases are mainly isolated from micro-organisms, 
preferably eukaryotic, filamentous fungi-like species of the genera Thermomyces, Rhizopus, 
Mucor or Candida. Some lipases are also isolated from prokaryotes, in particular from 
species of the genera Pseudomonas or Burkholderia [Röttig, 2010, quoting Mzorik, 2008]. 
 
In devising flow sheets for this process route, a number of constraints have to be taken into 
account. The most common acyl acceptors are methanol and ethanol, although reactants 
such as the larger alcohols, methyl acetate and dimethyl carbonate have also been 
researched. To be noted is that in the latter two cases no glycerol is produced but higher 
molar ratios of reactant are employed [Su, 2007]. The use of methyl acetate or ethyl acetate 
as acyl acceptors showed an enhanced miscibility with the oil phase, the inactivation of the 
lipases by undissolved alcohol droplets was avoided and lipase stability was thus increased 
[Röttig, 2010]. A 92% yield after the continuous use for 100 batches was reported with 
methyl acetate [Bajaj, 2010]. 
 
 Methanol inactivates the enzyme and in general not more than the stoichiometric amount is 
recommended in the conversion section. In general for immobilised enzymes, the 
destabilising effect of the alcohol decreases with increasing alcohol molecular weight 
[Nielsen, 2008]. A concentration of methanol not higher than half the stoichiometric amount 
has to be maintained throughout the process [Harding, 2007]. This can be accomplished by 
multi-stage reactions [Nie, 2006]. A suggested loading of catalyst, if the lipase from Candida 
antarctica immobilized on polyacrylate polymer beads as supplied by Novo Nordisk: – 
Novozym 435 is used, will be 4% of biomass and support. Also, as theoretically all the 
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methanol will be converted, if as a maximum the molar ratio in total will not exceed 3:1 
compared to feed stock, there is no need to make provision for methanol distillation in the 
purification unit processes. Good practice may  be to provide a flash evaporator in the 
biodiesel product stream, more so when a co-solvent like hexane is used. In Table 6.3  
yields are reported for different enzymes and substrates for a number of process conditions. 
 
 
Table 6-3  Enzymes and substrates for biodiesel production [Antczak, 2009] 
  

 
 
The enzyme is also inhibited by glycerol formation [Vasudevan, 2008]. The glycerol can be 
removed in a multi-stage operation at the same time as more methanol is introduced, 
through decantation or another gravity process like hydrocyclones [Nie, 2006]. Also in 
industrial processes where the catalyst is repeatedly used, glycerol will be absorbed onto the 
catalyst surface and accordingly inactivate it [Xu, 2003]. In flow sheet work, provision will 
therefore have to be made for the desorption of the glycerol using hydrophilic solvents 
[Dossat, 1999]. Alternatively, a hydrophobic enzyme carrier or a co-solvent like t-butanol can 
be used [Cohan, 2009]. 
 
Some quantitative measure of the effect of glycerol poisoning of the immobilised enzyme 
and remedial processes to restore its activity can be gathered from batch experiments where 
conversion dropped to 3,2% after five batch reactions [Su, 2007]. When however treated 
with a strong hydrophilic reactant like acetone, the activity remained about 80% after five 
batch reactions. In terms of flow sheet work, this means that provision has to be made for 
the regeneration of the enzyme by in situ treatment or transferring and washing the enzyme 
in a separate section of the plant. 
 
 As to another potential contaminant, water, there is conflict in research reports as to its role. 
It is reported that water inhibits the enzyme activity [Lee, 2006]. In another study, varying the 
water content in salad oil between 0% and 40% by weight in the methanolysis of salad oil, 
methyl ester production increased with increasing amounts of water in the reaction mixture 
up to a plateau of 10-15%, probably due to hydrolysis [Nie, 2006]. A convincing position on 
water is founded on the fact that lipases possess the unique feature of acting at the interface 
between an aqueous and organic phase. Activation of the enzyme involves unmasking and 
restructuring of the active site through conformational changes of the lipase molecule, which 
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requires the presence of an oil-water interface [Su, 2007]. As lipases also catalyse 
hydrolysis, it is suggested that the optimum water content is a compromise between 
minimizing hydrolysis and maximizing transesterification reactions [Su, 2007]. In glycerol 
separation, water will associate with the glycerol and will be taken care of in flow sheets in 
the glycerol purification. 
 
Bearing in mind that mass transfer is principally by diffusion and methanol is at a lower molar 
ratio than in the other process routes, the effect of introducing a solvent as opposed to a 
solvent free system, has been studied [Nie, 2006]. The selection of solvent was suggested to 
be related to its log P value and a value higher than 2, as in the case of hexane with a value 
of 3.5, is preferred. Non polar solvents like hexane will not strip water from the enzyme 
present as microaqueous layers, which seemingly are needed to preserve enzyme activity. It 
needs to be said that the presence of a diluent can also retard the reaction rate. On the 
positive side, it is suggested that hexane can block methanol poisoning, which is thought to 
be caused by the polarity of the methanol resulting in it to be adsorbed to the acrylic resin 
used as immobilization support for Novozym 435 [Modi, 2006]. An unexpected return in 
using hexane as solvent could be that it will act as a washing agent and will therefore assist 
to cause retention of lipase activity [Bajaj, 2010, quoting Rodrigues, 2008]. This is especially 
valuable if the enzyme has to be washed after each batch. 
 
Two more variables, the reaction time and the reaction temperature, have also been studied 
and are needed for mass and energy balances and the sizing of equipment. Studies were 
done at a temperature range from 25 – 50°C at both residence times of 30 h and 60 h. An 
ultimate oil to methanol molar ratio of 1:3 was used and 10 000 U of immobilised Candida sp 
99-125 lipase. In both cases the maximum conversion rate of 90% was obtained at 40°C. 
The conversion rates also suggest that allowance should be made in the flow sheets for 
biodiesel purification by distillation and the circulation of unconverted oil to the feed stock 
tank. If low–quality oils are used, a final distillation of the biodiesel to meet the relevant 
specifications will probably be required [Nielsen, 2008]. 
 
 When the methanol was added in three steps at 40°C, the conversion increased to 95% 
[Nie, 2006]. A qualification has to be that the velocity through the reactors needs to allow for 
adequate contact time. For guidance, a volumetric flow rate of 15 l/h was used for a column 
of 0,025 m³. The operational stability of immobilised lipase was in excess of 20 days. From 
the above the crucial factors affecting the unit processes to be selected can be schematically 
represented as basic- and sub-parameters. [Antczak, 2009] This is shown in Figure 6.23. 
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Figure 6.23  Parameters in the selection of unit processes for the enzymatic 
production of biodiesel [Antczak, 2009] 
 
In the literature at least two variations are mentioned in looking at flow sheets for biodiesel 
production using the enzymatic route. A counter-current process using the step-wise addition 
of methanol and liquid lipase formulations can be designed [Nielsen, 2008]. Secondly, three 
fixed bed or packed tower bioreactors in series can be used with the methanol being added 
in steps. In this case the substrate for the second reactor is the oil layer of the eluate from 
the first reactor with a one-third molar equivalent of methanol added. From each of the three 
steps glycerol is removed by decantation [Shimada, 2002]. In the research reported, using 
immobilised Candida antarctica lipase, all the substrate flow rates in the three reactors 
remained the same, but the concentration of lipase was increased in the third reactor. If 
residence times are to be different in the three reactors, this can be accomplished by varying 
reactor volumes. 
 
While lipases can handle high free fatty acid compositions of feed stock, phospholipids had 
an inhibiting effect on the lipase activity [Nielsen, 2008]. In flow sheet work, this is of 
importance if virgin oil is used as compared to WCO. The effect of other impurities also has 
to be considered, but degumming of the feed stock is recommended. It is thought that the 
phospholipids bound around the immobilised carrier and interfered with the reaction of the 
lipase molecule with the substrates [Shimada, 2002]. As will be discussed later, the flow 
sheet variables, such as having a pre-treatment step for degumming, will affect processing 
costs, consensus being that the most significant factor is the cost of the lipase [Nielsen, 
2008]. 
 
In contrast, it has been reported that biodiesel was produced from rapeseed soapstock using 
Candida rugosa lipase and methanol as a substrate. Artificial neural network (ANN) analysis 
was done with good correspondence between experimental and predicted values. For a 
biodiesel conversion of 75,4 % with immobilised lipases, the conditions were: Methanol 
substrate molar ratio of 4,4:1, enzyme amount 11,6 %, water content 4 % and reaction 
temperature of 45ºC. The lipase Candida rugosa was also used where the oil was first 
hydrolysed and the fatty acids were obtained. The second step involved the use of Novozym 
435, assuming that methanol did not cause a problem anymore because it is more soluble in 
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fatty acids and methanol droplets were not formed [Talukder, 2010]. The pre-treatment step 
can also consist of acid catalysis similar to the process route in place when the feed stock 
contains high concentrations of free fatty acid [Zapata, 2007; Lu, 2008]. No research articles 
have reported on this possibility as yet, but for jatropha oil with an acid content of 14 mg 
KOH per gram of oil at 12% wt. methanol, catalyst and a 2 hour residence time, 
phospholipids were precipitated after esterification [Lu, 2008]. The authors concluded that in 
the circumstances degumming was not necessary. Whether doing degumming or using pre-
esterification will then be a case of considering the relative economies. 
 
As it was judged that from research papers sufficient information was available, in this study 
a flow sheet, incorporating the above parameters for the enzymatic process route, was 
developed and is presented in Figure 6.25. It is not that dissimilar to a conceptual flow sheet 
presented for heterogeneous catalysts in fixed beds depicted in Figure 6.30 [Marchetti, 
2008], the exceptions being multiple reactors, co-solvent use and back-washing. A 
qualification has to be that the enzymes have to be immobilised to facilitate packing in a 
continuous process [Nielsen, 2008]. As in research work no author indicated a 100% 
conversion, it is necessary to purify the biodiesel and separate unreacted oil by vacuum 
distillation or another suitable process [Harding, 2007]. 
 
To be noted is that the process routes mentioned have not been implemented on an 
industrial scale, with the possible exception of a plant in China. Constraints are thought to be 
the cost of enzymes, coupled to unpredictable enzyme poisoning and inactivation in 
prolonged use. Extracellular and intracellular lipases are still to be more fully investigated 
[Ranganathan, 2007]. From the facts given in this subsection an attempt can however be 
made to obtain a first pass at comparative economic feasibility and from the flow sheet 
developed in this study, equipment lists, specification sheets and cost estimates can be 
developed, as has indeed been done and reported in Chapter 7, as well as Appendix B.  
 
Evidence was found of a commercial plant with a capacity of 20 000 tonnes per year as 
mentioned above. From the paucity of information and trying to draw meaningful conclusions 
from looking at the picture below, it seems as if the plant incorporates two CSTRs. It is 
possible that the enzyme used is not immobilised and thus can be separated from the 
biodiesel stream before and after transesterification. A photograph of the plant is reproduced 
as Figure 6.24, the photograph having been taken by Prof. D. Liu. 
  

                      
 
Figure 6.24 A biodiesel plant in China operating with an enzyme catalyst [Liu, 2009] 
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The flow sheet, developed in this study to account for the process flows and the unit 
processes in the enzymatically catalysed alcoholysis (ECA) of feed stocks for biodiesel 
production, has some features not encountered in this field of study as yet. It is a busy flow 
sheet (see Figure 6.25) and can be enlarged for easier reading, however, as for the other 
two flow sheets developed in this study, it is also enclosed as an A2 size sheet, trimmed and 
folded for easy reference.  
 
 

 
 
Figure 6.25  Flow sheet for biodiesel production utilising enzymes as catalysts (ECA) 
 
As the relevant biodiesel production facility in China makes use of tertiary butanol, according 
to the information mentioned in this section, the process flows are not comparable. 
Secondly, the potential presence of phospholipids is catered for incorporating the same unit 
processes for that section of the plant, as was done in the HACA flow sheet. It will also be 
observed that similar considerations apply in terms of vendor packages. Remarkably 
different is the esterification/transesterification conversion unit processes, governed by the 
residence time for the reaction and the relatively low temperature required by the catalyst to 
perform the conversion. In-line mixers with heating jackets are used to ensure proper mixing 
of the feed stock and the reactants, as listed in the priced equipment list detailed in Appendix 
B. Thirdly, both water and hexane offer advantages in terms of their contribution to the 
process, and they are also introduced in the inlet streams to the different packed bed column 
type reactors. This process route offers advantages for the processing of waste cooking oil. 
 
Four reactors are shown, the concept is to use three reactors in series with glycerol 
separation after every reactor, to maximise the yield per reactor. The fourth reactor is 
backwashed with acetone as a catalyst regeneration process, so as to increase the active 
life of the catalyst and take advantage of the favourable depreciation allowances for the 
capital cost component of  a facility. This means that relatively speaking, more plant can be 
allowed for the same return on investment, compared to other locations. The second reason 
for introducing backwashing as in water treatment plants, is to counteract the enormous cost 
associated with replenishing the catalyst. As the residence time is at least 24 hours, the 
three reactors also being loaded continuously with reactants including methanol, at one third 
of the stoichiometric requirement for methanol, the backwashing only needs to be 
sequenced to always have one fresh reactor available in the relevant unit process. 
 
Hexane does not participate in the reaction and is flashed off prior to recovery. In contrast to 
U.S. practice, the biodiesel is distilled as a top product in the purification section of the plant, 
It is also expected that the glycerol recovered will be of a purity acceptable for food quality 
purposes, as there are no neutralisation of acids or alkali products, in contrast to the HACA 
process route. From the flow sheet, equipment list and specifications for equipment including 
tanks, pumps and separation items of equipment, a cost estimate is presented for this 
process route in Chapter 7. 
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It is clear from studying Figure 6.26, which depicts the ECA reaction section as an excerpt 
from the flow sheet shown in Figure 6.25, that a complety unique and novel approach was 
done to accommodate the residence time associated with the use of the immobilised 
enzyme as a catalyst, the concept of regenerating the enzyme and at the same time 
ensuring continuity of the production process. 
 

 
 
Figure 6.26 Reaction section ECA process flow diagram 
 
In discussing the merits of using tertiary alcohols in lipase-mediated alcoholysis for biodiesel 
production in relatively hydrophobic organic solvents, a research paper mentioned that both 
methanol and glycerol are soluble in a tertiary butanol medium. The negative effects caused 
by methanol and glycerol lipase performance are eliminated, with a yield of 95% biodiesel 
and lipase activity acceptable after 200 cycles. This technology has been applied in the 20 
000 tonnes per year plant pictured above (Figure 6.23) [Du, 2008]. It is also important to 
know that, whereas an inscription on the photograph indicates that two CSTRs are used as 
the reactors, in communication with Novozymes, a supplier of enzymes, it was established 
that column reactors are used. The enzymes used as the catalyst in the plant, are a mixture 
of Novozyme 435 and Lipozyme TL IM [Cowan 2009].   
 
Some laboratory research was in fact done using t-butanol  as a solvent [Royon, 2007]. With 
cotton seed oil and a concentration of 0,67 ml t-butanol per gram of oil, a nearly 100% 
conversion was reached using 1,7% enzyme as catalyst (oil weight %) and a temperature of 
50 ºC, with a residence time 24 hours. As a one step continuous process with a methanol to 
oil molar ratio of 6:1, a solvent concentration of 32,55%, a flow rate of 96 ml/hr (g enzyme), 
operating for 500 hours, a 95% conversion was achieved [Royon, 2007]. The issue of 
solvent recovery was not seen to be a disadvantage, as methanol recovery had to be done 
as well. This was due to the fact that a molar ratio of 6:1 of methanol to oil was used, twice 
the stoichiometric amount. 
 

Stellenbosch University http://scholar.sun.ac.za



198 
 

In a later study, the transesterification process was performed using Novozym 435, tertiary 
butanol as a co-solvent and rapeseed oil. A conversion of 76,1 % was achieved with the 
following conditions: Reaction temperature 40 ºC, methanol/oil ratio 3:1, 5 % w/w Novozym 
435 based on oil weight, water content 1 % w/w and reaction time 24 hours [Jeong, 2008]. 
 
In a design study for a 1 tonne/h pilot plant with waste vegetable oil as feed stock at a rate of 
1 138 kg/h, a capital cost of US$ 620 000 was calculated where  immobilised Novozym 435 
was used in a 2 m³ packed bed bioreactor, together with 130 kg/h methanol and 7,6 kg/h t-
butanol. At a cost of US$ 2 000 kLU¯¹, the annual cost for the lipase was calculated at $ 6 
800 000 [Al-Zuhair, 2011]. The residence time is not comparable with the residence times 
mentioned in other studies and verification is required that the information from the study 
concerned, was correctly interpreted. If correct, the cost of enzyme amounts to $850/ tonne 
of biodiesel produced, but it is not known what was included as to equipment.  
 
  During July 2010 Novozym announced new technology for use in a pilot plant the 
organisation developed with  Piedmont Biofuels in North Carolina. The plant has a capacity 
of 12 600 US gallons per year using low quality waste [Novozymes, 2010]. More information 
on the Piedmont Biofuels pilot plant studies came to hand in 2011. For esterification and 
transesterification Novozymes 435 (CA-B) and TL-LM were used with residence times 
between 600 and 2 000 minutes. Glycerine purity was 99,6 percent. In this, the FAeSTER 
process, less methanol is required and it is estimated that a 3 MMGY acid esterification 
system would have a capital cost $300 000 compared to conventional esterification at $900 
000 using chemical acids [Kotrba, 2011]. Total pilot plant costs are not known. 
 
From an announcement by the U.S. Department of Energy on finances for joint research 
with Israel on designing a biocatalyst for biodiesel production, the state of the art as it was in 
2009, could be deduced [EERE News, 2009 (November 24)].  It was pronounced that the 
biocatalyst should be methanol resistant lipase, immobilized on a cost effective resin as it 
will offer lifecycle efficiency and consistent product quality. Also, as is still the case currently, 
catalysts are costly and suffer from short operation life-times. At the time, the research 
award was for $700 000 with a further $1,2 million provided by the private sector [EERE 
News, 2009]. It can be concluded, however, that apart from the information generated in this 
study, costs for a commercial biodiesel plant  have not been published as yet.  

6.6.4.2  Other heterogeneous catalysts process routes 

 
Environmental concerns about the use of homogeneous base catalysts, the costs associated 
with their removal in biodiesel manufacture and the complexities introduced through 
additional unit processes all provide an impetus for the search for more environmentally 
friendly solid catalysts. In fact, it has been recognised that homogeneous catalysts will have 
to be substituted by heterogeneous catalysts due to environmental concerns [Schuchardt, 
1998]. Furthermore, in using industrial reactors and in research with equipment built from 
metal alloys, the effect of the metal surfaces as catalysts was noticed [Suppes, 2004]. An 
extensive amount of information is available on the different types of heterogeneous 
catalysts and a review is presented in section 6.5.3 of this study. 
 
For the discussion on flow sheet development, the approach will be to categorise these 
catalysts as inorganic or organic respectively and focus on the way they are utilised and 
separated, as this will influence considerations about economic viability. In the literature no 
large scale industrial biodiesel manufacture could initially be found using this process route, 
with the exception of a short research article reporting on work done at the Institut Français 
du Pétrole (IFP) [Bournay, 2005]. It is known that the French Technology company, Axens, 
reported that it was going to use a heterogeneous catalyst, Esterfip-H, developed at the IFP 
[Gordon, 2004]. In a later article it was reported that a commercial plant with a capacity of 
160 000 tonnes per year was being built with the transesterification being effected with a 
heterogeneous catalyst – a spinel mixed oxide of two (non noble) metals that resulted in 
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higher purity products but at a higher temperature [Ondrey (Chemical Engineering), 2004]. 
As can be seen from the conceptual flow sheet presented in Figure 6.27, two fixed bed 
reactors are used with glycerol separation in between and the partial flashing of methanol. 

 
Figure 6.27  IFP/Axens flow sheet for fixed bed reactor biodiesel production 
[Abstracted with credit to Institut Français du Pétrole, copyright 2008] 

 
More research was done to obtain information on the Esterfip-H process and it was found 
that two plants both with 160 000 tonnes per year capacities are in commercial operation at 
Sète in France and Perstorp in Sweden respectively. In Figure 6.28 and Figure 6.29, 
photographs available on the respective plants, are shown. Of particular interest for this 
study are the process conditions, compared to the supercritical process route and the flow 
sheet developed and presented in section 6.6.4.3 
 

                
 
Figure 6.28  Diester Industrie Esterfip-H plant, Sète, France 
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Figure 6.29  Perstorp (Sweden) 160 000 t/y heterogeneous catalyst based biodiesel plant 
[ Figures 6.28 and 6.29 abstracted with credit to Institut Français du Pétrole, copyright 2008] 

 
 As in 2008, a further 6 other heterogeneous Esterfip-H plants were underway, being 
designed or constructed in other parts of the world [Bloch, 2008]. The process is probably 
protected by patents, but is as depicted by the conceptual flow sheet.  High temperatures 
and pressures are used in the two fixed bed plug flow reactors, the methanol used to be 
10,8% wt. of the oil. A view of the reactor is presented in Figure 6.39, as it is mentioned in 
section 6.9.1 in this chapter, that section dealing with the different reactors encountered in 
biodiesel production, the contacting mechanism being fluid turbulence. Process strengths 
and weaknesses of the Esterfip-H technology are: [Bloch, 2008] 
 

- high FAE (Fatty Acid Ester yield can be obtained, since there is no ester loss due to 
soap formation (FAME yield =100%); 

- the crude glycerol  obtained is salt free and has a very high glycerol purity (>98%), 
thus allowing new direct uses in chemical applications; 

- only feed stock (oil) and methanol are consumed; 
- there are no waste streams; 
- reaction is performed at higher temperatures and pressures than homogeneous 

transesterification due to the lower activity of the solid catalyst. 
 

The process route in essence is comparable to other heterogeneous process routes and it is 
suggested it can be classified as a metal catalyst heterogeneous process route. For the 
distillation and polishing of the biodiesel as well as storage, the flow sheets as for similar 
process routes can be used. No information on costs could be found, but a first approach will 
be to assume similar costs as for supercritical estimates or the Mcgyan process described 
below. Technically though, compared to the supercritical process, it seems as if water can 
not be tolerated and the water has to be removed when for example WCO is used as feed 
stock.  

 
In further research, a patent application US 2004/0034244 A1 with Institut Francais du 
Petrole as the assignee was located. The heterogeneous catalyst is based on zinc aluminate 
and a further condition is that the water content at various stages in the process should 
remain below 1000 ppm. This is achieved by drying the feed stock with a vacuum drier and 
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thereafter having evaporators at various stages, in particular after transesterification being 
done in two fixed bed reactors in series with depressurization and decantation to separate 
the glycerol rich stream. For the reactors, the ratio between the hourly flow rate of the oil to 
be treated and the catalyst should be in the range 1,2 h¯¹ to 0,1 h¯¹. The weight of methanol 
to oil in the first reactor is 50/50 and 48/49,6 in the second reactor, the reactor temperature 
473 K and pressure 6,2 MPa. The process is depicted in the block diagram, Figure 6.30. 
 

           
 

Figure 6.30  Flow sheet in block format for US patent 2004/0034244 
[Assignee Institut Français du Pétrole, 2004, whose rights asre acknowledged] 

 
From studying the flow sheet and the patent application, it can be ascertained that vegetable 
oil in stream A is fed to a vacuum drier (1) with a duty of <700 ppm of water from where the 
feed stock with recycled methanol in stream B is fed to a fixed bed tubular reactor (2) with a 
HSV of 0,6 to 0,4 h¯¹; temperature 473 K, pressure 6,2 MPa. The product in stream C goes 
to an evaporator (3), pressure 250 kPa. Seventy five percent of the methanol vapours from 
the evaporator as stream N is sent to the distillation column (12) with the remainder 
condensed in the condenser (4) at 60˚C and sent to the knock out drum (5). Fresh methanol 
is also added at this point. Stream D from the evaporator is received in the decanter (6) at 
323 K from where the biodiesel and unreacted oil in stream E are sent to a second tubular 
fixed bed reactor (7) with its product in-stream H evaporated, evaporator (8) and methanol 
condensed in condenser (9). Methanol from this condenser also goes to the knock out drum 
from which the bottoms as stream G are sent to the second reactor. 
 
The glycerol stream F with some methanol and FAME goes to the distillation column (12). 
The product in stream P contains about 5% methanol and as can be seen, is separated in a 
vacuum evaporator (14), the methanol condensed, condenser (15), with  the methanol from 
the distillation column also sent to a condenser (13) and then to the knock out drum.  Stream 
Q from the evaporator goes to a decanting drum (16), where glycerol is separated and joined 
with glycerol from the second decanter (10) in stream J. The biodiesel from the second 
decanter (10) as stream K goes to a coalescer (11) with its tops (stream M) purified using 
washing or ion exchange columns with methanol as a flusher (stream not shown) from the 
knock out drum. The bottoms from the ion exchange process join steam Q from the one 
evaporator (14) for treatment in the decanter (16). 

6.6.4.2.1 Heterogeneous organic catalyst process route 
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Heterogeneous catalysts can be considered as solid catalysts, therefore representing 
another phase in phase equilibria methodology. In the presence of heterogeneous catalysts, 
the reaction mixture constitutes a three-phase system, oil-methanol-catalyst [Liu, 2008]. The 
solid catalysts can be grouped in three general categories: metal, base and acid catalysts. 
This has to be distinguished from non ionic base catalysts such as amines, amidines, 
guanidines and other compounds such as phosphoranes [Schuchardt, 1998]. 
 
As an example, guanadines can be heterogenised onto organic polymers such as cellulose, 
polystyrene/divinylbenzene and polyurethane. Although the reaction mechanism may seem 
to be different, ion-exchange resins from a flow sheet development point of view can be 
included in this group. Two ion-exchange resins coming to mind are Amberlyst-15, a styrene 
–based sulphonic acid and Nafion-NR 50, a copolymer of tetrafluoro ethene and perfluoro 2-
(fluorosulfonylethoxy)-propyl vinyl ether [Kiss, 2006]. As the latter two catalysts have low 
thermal stability, they were not recommended for reactive distillation [Kiss, 2006]. Typically, 
as for ion-exchange processes, the flow sheets, shown in concept in Figure 6.31, can be 
based on packed beds with the catalyst inside the columns [Marchetti, 2008]. 

 
 
Figure 6.31  Process flow sheet for biodiesel production using heterogeneous catalysts 
[Marchetti, 2008] 

 

6.6.4.2.2 Heterogeneous inorganic catalyst process route 

 
In general, acid catalysts have not been investigated as extensively as base catalysts, a 
reason being their generally slower reaction times [Lothero, 2006]. Zeolites, modified oxides, 
clays and layered silicates, some other strong solid acids like alumina promoted sulphated 
zirconia, alumina promoted tungstated zirconia and sulfated tin oxide have also been tested. 
At temperatures of 200-300°C for reaction times of 20 h, yields for the transesterification of 
soybean oil with methanol were over 90%, using a flow reactor [Furuta, 2004]. To be noted, 
is that these reactions are assumed to be second order reactions. It is also suggested that 
characteristics of these materials like hydrophobicity, pore diameter and acid strength can be 
directly correlated with catalyst activity. The main problems for solid acid catalysts concern 
the diffusivity of large triclyceride molecules through the pores and cavities of these 
materials and the deleterious effect that polar compounds can inflict on the acid sites (not 
unlike the poisoning of enzyme catalysts). It follows that methanol and glycerol can have 
similar effects. If a flow sheet has to be developed for solid acid catalyst transesterification 
reactions, it will follow the same methodology as for enzymes (the ECA process route in this 
study), but taking into account more extreme reaction conditions. 
 
Using tin(II) oxide as a solid acid catalyst, a simulation was reported in a comparative mode 
at 1 000 kg/h, the other three process routes being homogeneous acid; pre-acid treated 
base catalysed and supercritical alcoholysis, respectively [West, 2007]. In the 
heterogeneous acid treated case, the catalyst was separated following the reaction, using a 
hydrocyclone. Major items of equipment were sized and cost information fed into the 
simulations. The heterogeneous case was found to be the most cost competitive process 
route, with a lower methanol to oil molar ratio and the lowest overall manufacturing cost. 
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It has been reported in the literature that porous metal oxides (e.g. zirconia, titania, and 
alumina) with different surface treatments (acids, base, and unmodified) that are amenable 
to continuous fixed bed biodiesel production under elevated temperature and pressure with 
residence times as low as only a few seconds have been developed [McNeff, 2008]. A 
process flow diagram of a biodiesel plant based on this process, known as the Mcgyan 
process, is depicted in Figure 6.32. 
 
In the Mcgyan process, it will be observed that two process streams are pumped indepently 
to the heat exchanger prior to entering the reactor. The  porous microspheres of the catalyst 
are claimed to be chemically, thermally and mechanically stable and can be operated under 
supercritical alcohol conditions without loss of catalytic activity over extended use (115 h in a 
pilot plant). The operating temperatures and pressures are given to be 300-400°C and 2 500 
psi (17 MPA) respectively.     
 
 The process was also tested on algal lipids but in this case a single reactant stream was 
used. Also hexane was used as a carrier solvent, the reactant composition being 1:3:96 
lipids:methanol:hexane w/w/w [Krohn, 2011]. The reactor conditions were 340ºC with a 2 
250 psi (15,3 MPa) front and back pressure and a residence time of 30 s. The so called easy 
fatty acid removal system (EFAR) was not employed except in the case of commercially 
purchased Kelp oil where the two stream reactant feed route was used. For this variant 
process conditions were 360ºC, 2 295 psi (15,6 MPa) , 30 s residence time and a 32:1 
methanol to oil ratio. A 93,3% conversion efficiency was obtained [Krohn, 2011]. 
 
For this study , the McGyan process is of interest as similar temperatures and pressures 
compared to the supercritical process route are used and a backpressure regulater is 
located in the reactor product stream. It was attempted to correspond with the researchers 
concerned, without success though, as  the capacity of the facility where the results were 
achieved, is not known. Also it would have been of interest to have known whether scale-up 
calculations were performed.  
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Figure 6.32  The Mcgyan two reactant streams process flow diagram [McNeff, 2008] 

6.6.4.2.3 Pseudo heterogeneous base catalyst process route 

 
Homogeneous catalysts can be overlaid on a carrier such as a bed of porous non catalytic 
particles, not to be confused in terms of reaction mechanism with heterogeneous catalysts. 
Solid base catalysts in general show promise, but they do so at the expense of high 
temperatures and pressures, translating into higher equipment costs and hazardous working 
conditions [Lothero, 2006]. 
 
Some homogeneous base compounds on which work has been reported, include alkaline-
earth oxides, zeolites and hydrotalcites. A particularly interesting simulation based on the 
ASPEN Engineering suite was done with triolein using MgO as a catalyst. The catalyst was 
retained in the reactor by a microporous filter, the reactor being a cylindrical tank operating 
as a slurry reactor fitted with a Rushton turbine impellor [Dossin, 2006]. For  100 000 tonnes 
of methyl oleate per year, the parameters were a tank liquid volume of 25 m³; volume 
fraction of magnesium oxide about 0,091; an M/T ratio of 10, catalyst use 5 700 kg at a 
particle size of 25 µm; temperature 323 K; impeller speed 0,76 revs./s. This information can 
be considered in ascertaining the economic viability of solid catalysts. 
 
In research work using CaO with properties being a BET surface area of 0,56 m²/g and basic 
sites stronger than H_ = 26,5 as a heterogeneous base catalyst, the transesterification of 
soybean oil was done. [Liu, 2008] The experimental results showed that a 12:1 molar ratio of 
methanol to oil; addition of 8% CaO catalyst; 2,03% water, a reaction temperature of 65°C, 
and a residence time of 3 h, yielded a conversion of 95%. The CaO was separated by 
filtration after each run and repeatedly used for 20 cycles without a material effect on the 
biodiesel yield. The lifetime was longer than that of calcined Potassium Carbonate and 
Potassium Fluoride alumina catalysts. From a material balance perspective, changing the 
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molar ratio of methanol to oil from 6:1  to 12:1, resulted in a volume increase of 26,8 %. Also 
on the economics, the reaction time is longer but subsequent unit processes are less 
complex. 
 
It is clear that in general, the process routes and the unit processes are similar for the 
different types of heterogeneous catalysts that have been used in biodiesel production, 
albeit mostly in experimental work. It is not advisable to scale up in practice without pilot 
plant work, with the exception of the process route using Esterfip-H, which is a commercial 
process.  

6.6.4.3  The supercritical (acyl acceptor) process route 

 
Some of the heterogeneous process routes employed reaction conditions prevalent in 
refinery type operations. If the reaction conditions are compared with those used in 
supercritical process routes, the differences are not material. The term “supercritical” means 
that the temperature and pressure of the solvent (acyl acceptor) in question are sufficiently 
high, above its critical point, so that the properties of the solvent are neither completely 
liquid-like, nor completely gas-like [Lee, 2006]. For methanol the critical properties are 512,2 
K and 8,1 MPa, whereas for ethanol they are 516,2 K and 6,4 MPa respectively [Demirbas, 
2008]. 
 
Although no references could be found on any commercial plants using this process route, 
over the last ten years a number of research articles reported on advances on the original 
method (the Saka method), which involved a one – step transesterification and esterification 
process with supercritical methanol and rapeseed oil done in a batch-type reaction vessel 
made from Inconel-625. Reaction conditions were methanol to oil molar ratio 42:1; 
temperature 350°C; pressure 45 MPa; reaction time 240 s; conversion yield >95%. It was 
also found that a simpler purification procedure could be used [Saka, 2001]. The simpler 
purification procedure has the advantage that from a commercial point of view, the less 
complicated separation and purification of the product should decrease the energy and 
production cost, despite the high pressures and temperatures during transesterification 
[Bunyakiat, 2006]. 
 
In a subsequent report, [Kusdiana, 2001], the conditions suggested were 350 °C; 30 MPa; 
240 s and 42:1 respectively. On energy use, a reduction of 1MJ/l for biodiesel from the 
supercritical process at 3,3 MJ/l, compared to 4,3 MJ/l for the conventional catalysed 
procedure was calculated. The separation time for glycerol was 30 minutes and an 
evaporation temperature of 90°C for separating methanol from the two products, biodiesel 
and glycerol, was proposed. To avoid side reactions of, in particular unsaturated FAME, 
gradual heating and limiting the reaction time were proposed [He, 2007]. In fact, it is 
suggested that for supercritical transesterification, there is a critical value of residence time 
at high reaction temperatures, and the production yield will decrease if the optimum 
residence time is surpassed [Wen, 2009]. 
 
In alkaline homogeneous catalysis of vegetable oils, both free fatty acids and water have 
negative effects on biodiesel yield and the purification procedure. These problems may 
adversely affect the most efficient utilization of waste vegetable oils and crude oils, since 
they generally contain water and free fatty acids [Tomasevic, 2003]. In more work, the 
presence of these two compounds was studied in the supercritical route. Compared to other 
process routes, yields of biodiesel did not decrease significantly with water content up to 
30% and free fatty acid content up to 30%. It was concluded that three reactions take place 
namely transesterification, hydrolysis and esterification, respectively [Kusdiana, 2004]. In the 
supercritical methanol method, it was suggested that water presumably acts as an acid 
catalyst more strongly than methanol itself. The severe reaction conditions, (temperature, 
pressure, special alloys) and the possible denaturing of poly-unsaturated fatty acids, coupled 
to the observations on three different reactions, were the cause for further work. This 
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culminated in the Saka-Dadan method involving two steps; firstly, hydrolysis with subcritical 
water (270°C/7 MPa) and then after separation of glycerol and the topping up of methanol to 
a molar ratio of 42:1, a supercritical methylesterification of the fatty acids [Lee, 2006; Saka, 
2006]. The main reaction is therefore methyl esterification, compared to transesterification in 
the one-step process. In the conceptual flow sheet reported in the literature and depicted in 
Figure 6.33, water is shown to be added [Saka & Minami, 2006]. The optimum reaction 
condition was found to be around 270°C and pressure to be in the range of 7 MPa to 20 
MPa. Instead of Hastelloy or Inconel, stainless steel could be used for the reactors. 
 
 

 
Figure 6.33  Supercritical process route using water for hydrolysis [Saka & Mimami, 
2006] 
 

No references could be found on the effect of phospholipids present in the feed stock when 
the supercritical process route is used. In in situ transesterification of dried soy flakes it was 
found that the phospholipids were either transesterified or hydrolysed [Haas, 2007]. It is 
postulated that, based on the above observation, phospholipids will not cause emulsification 
problems, especially as the purification of biodiesel will be done by distillation as proposed in 
the flow sheet developed in this study and presented as Figure 6.34 for this process route. 
 
One should distinguish between using the supercritical process route for feed stocks with 
less desirable components and refined oils, respectively. In any case, on a proposed 
industrial scale two reactors are used in series with glycerol recovery following 
depressurization in between [Vera, 2005; Marchetti, 2008]. Design conditions for the second 
reactor as proposed by Marchetti, could be 350°C and 20 MPa [Marchetti, 2008]. 
 
In the one step Saka process, a significant decrease in the severity of the reaction conditions 
was obtained by using propane as a co-solvent [Cao, 2005]. The critical properties for 
propane are 96,67°C and 4,20 MPa and it is postulated that in binary systems, the critical 
properties for the mixture will decrease in comparison to methanol; with an increase in the 
molar ratio of propane. A conversion of soybean oil to methyl esters with a yield of more than 
98% was found with a methanol to oil ratio of 24:1; temperature 280°C; pressure 12,8 MPa; 
propane/methanol ratio 0,05 and a 10 minute reaction time [Cao, 2005]. A series of 
simulations was done in the Netherlands with waste cooking oil as feed stock and using 
ASPEN software, [Nisworo, 2005; Van Kasteren, 2007], flow sheets were generated and it 
was found that at various capacities the process route could be economical. In a conceptual 
design study done for a 8 000 tonnes per year plant in the Philippines using one reactor, a 
positive return on investment and a short payback period were found [Chang, 2010]. 
 
At a laboratory scale, various other permutations of the different variables were tested. As an 
example, supercritical methanol was blown through high-oleic sunflower oil at 290°C with 
good conversion reported [Yamazaki, 2007]. Secondly, by coupling catalysis with near 
critical conditions, at a molar ratio of 24:1 and KOH at 0,1% wt with a temperature of 240°C, 
over 98% yield of FAME from soybean oil was obtained [Yin, 2008]. Other catalysts like CaO 
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also enhance conversion at lower temperatures, but in these cases the objective in using the 
supercritical route is lost [Demirbas, 2007]. 
 
In considering the industrial application of the supercritical process route, it is important to 
note as the methanol content in the mixture increases the critical temperature decreases 
while the pressure increases. For coconut oil, increasing the temperature in the range from 
270 - 300 – 350ºC for a methanol molar ratio of 42:1 and residence time of 400 s, the methyl 
ester conversion increased in the range 50 – 85 -95%. Changing the molar ratio in the range 
6 – 12 – 24 – 42 at 450 s the conversion changed in the range 48 – 50 – 85 – 96% for palm 
kernel oil [Bunyakiat, 2006]. Comparing conversions at 24 and 42 molar ratios of methanol to 
oil respectively, for having to use twice as much methanol, the lower methanol ratio will save 
on separation costs at possibly the expense of increasing residence time [Bunyakiat, 2006]. 
As research papers from various sources all indicated a conversion of less than 100%, a 
flow sheet has to make provision, possibly through vacuum distillation or evaporation, to 
separate unreacted oil from the FAAE and return the oil to the reactors. 
 
A significant advance in the supercritical process route, was also revealed in the 
experimental work in using two co-solvents, hexane and carbon dioxide respectively. Using 
hexane at 2,5% wt added and a temperature of 300°C, a significant increase in yield is 
obtained due to the improvement in the mutual solubility between methanol and in this case 
soybean oil. Similarly with carbon dioxide, critical parameters 31 °C and 7,38 MPa, at 300 
°C, with a molar ratio of 0,2 to methanol, a conversion of 90,6% was obtained within 30 min 
[Yin, 2008]. Based on the process flow sheets developed for the case of propane as a co-
solvent, [Nisworo, 2005], the proposed flow sheet for an economic feasibility will use hexane 
as it exists as a liquid at room temperatures and is in any case used in the solvent extraction 
of the oil from the oilseed in many instances. Also as it is not used as a reactant, it can be 
recirculated after separation. Only leakage and evaporation operational costs will then have 
to be considered. In two of the process routes for which flow sheets were developed, namely 
the enzymatic and supercritical routes respectively, reasons were given for using a co-
solvent, typically hexane. From a cost and quality point of view this hexane has to be 
separated and recirculated. It is therefore necessary to address some remarks to this part of 
the process. 
 
Firstly, hexane use could avoid the formation of emulsions in the washing step [Zhang, 2003, 
quoting Nye, 1983]. Secondly, in a multi-component separation process, it needs to be noted 
that hexane is soluble in anhydrous methanol [Zhang, 2003]. To decrease hexane solubility 
for both the enzymatic and supercritical routes, building on the work done by Zhang who 
added water to the hexane/methanol mixture, in the flow sheets used in this work, for other 
reasons, the water will be present in any event. It is fair to assume that in the circumstances 
the proposed separation methodology to recover the hexane is feasible. It is also the more 
optimal way to go about ensuring that a practical and reliable result is obtained, should the 
industrialist want to use the work in this research for a commercial facility. On reflection, this 
is not contradictory to the work done by Zhang and her co-workers [Zhang, 2003]. 
 
In concluding the discussion on the supercritical process route, the work of the Idaho 
National Laboratory (INL) has to be mentioned. The Supercritical Solid  Catalyst (SSC) 
process is claimed to convert waste feed stock with up to 100 percent free fatty acids and 
feed stock with up to 30 percent water, to ASTM quality biodiesel [Voegele, 2010]. In the 
process oil or fat as feed stock is mixed with alcohol and non toxic supercritical fluid 
solvents. Its success has been demonstrated in a 3 000 US gallon per day demonstration-
scale facility in 2009, licensed to BioFuelBox Inc. The facility was highly successful, 
according to the inventors, in proving the commercial viability of the technology. The capital 
costs are said to be higher than those associated with a traditional biodiesel facility. 
Secondly, the SSC facility has a small foot print and is mobile. 
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There is no doubt that on a small scale, various permutations of the supercritical process 
route for the production of biodiesel have been researched. For a comparison with the other 
process routes for which flow sheets were developed in this study and to ascertain the 
economic viability of the supercritical process route, identified in this study as the 
supercritical alcoholysis (SCA)  for biodiesel production, a flow sheet was developed for the 
continuous processing of feed stock for a facility with a capacity of 40 000 tonnes/year. This 
flow sheet is depicted in Figure 6.34 and for easy reading, is also enclosed in an A2 size 
sheet, suitably trimmed and folded. 
 
The SCA process route has not as yet been implemented in a commercial facility anywhere 
in the world, as conventionally variations on the HACA process route is used, although other 
process routes discussed in this section may well be practised, at least at pilot plant scale. 
The pressures and temperatures needed for the reactants are well outside the HACA or 
ECA range and the mechanical design and selection of the materials of construction for  the 
heat transfer equipment, reactors and pumps will have to accommodate the process 
conditions. The specifications in Appendix B were accordingly drafted and prices for the 
items of equipment obtained for the detailed priced equipment list. In Chapters 7 and 8 in the 
estimates, sensitivity and optimisation studies, more information was generated to increase 
the confidence level on costs. In particular the positioning of the back pressure regulators 
had a remarkable influence on the costs of the heat exchangers and preheaters. The 
position of the back pressure regulators are different to those positioned in the McGyan 
process. Also at the capacity selected in this study, flash drums are very costly due to 
pressure ratings and safety aspects. Hexane is used as a co-solvent to reduce process 
requirements on temperatures and pressures, and water can  be accommodated, particularly 
if waste cooking oil is used as feed stock.  
 
The issues around energy conservation is discussed in Chapter 8. To obtain more 
assurance on biodiesel specifications being met as discussed in section 3.7.7, the flow sheet 
shows biodiesel to be purified as the tops product in the distillation unit processes. It is also 
assumed that as for the Esterfip-H process route, the glycerol obtained using the SCA 
process route, is of food quality grade. 
 

 
Figure 6.34  Flow sheet for the supercritical (SCA) process route  

 
As for the ECA process route, the fact that firstly the HACA flow sheet was drafted showing 
equipment normally considered to be items described in off-site drawings and secondly, 
there was information available from laboratory studies and thirdly, equipment lists, mass 
balances and technical specifications were done in what encompassed the objectives in the 
original research proposal, the opportunity presented itself to follow the same methodology 
for the SCA process route at the chosen commercial capacity of 40 000 tonnes/year. The 
reaction section of the flow sheet shown in Figure 6.34, is depicted in Figure 6.35. 
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Figure 6.35 Reaction section SCA process flow sheet 

6.7 CONSIDERATIONS FOR AN INDUSTRIAL BIODIESEL PLANT  

6.7.1  Plant capacity 

 
A number of variables, on which sensitivity analysis can be done, have to be taken into 
account in selecting the most optimal plant size for a commercial biodiesel plant. Such 
variables include the amount of feed stock available on a continuous basis, the market and 
distribution logistics, infrastructure and supporting services to accommodate the plant, as 
well as other issues to do with sustainability and environmental matters. These variables are 
more fully discussed in Chapters 4, 5 and 7 of this study. 
 
From a chemical and engineering perspective, the tendency is to select the maximum size 
the market can handle. It is therefore seen that units with a capacity of 250 000 tonnes per 
year have been built. From a capital cost  view, the scale up is governed by the power factor 
which will be covered in more detail in Chapter 7. It is also known that the feed stock cost is 
the most important factor influencing operating cost and therefore has a disproportionate 
influence on economic viability [Haas, 2006]. The biodiesel production facilities are therefore 
relatively insensitive to scale of operation [Amigun, 2008]. This means that if an integrated 
crushing/conversion plant is designed, the feed stock volume and drawing radius will have 
an influence on the plant capacity. 
 
 Plants utilising the Esterfip-H process have capacities of 160 000 tonnes per year [Bloch, 
2008]. In Germany plants with capacities of 200 000 tonnes per year were built. A reputable 
and well-known contractor like Lurgi had 31 plants with a total capacity of 4,2 million tonnes 
of biodiesel under construction in 2006 and offers process and project engineering for 
capacities ranging from 40 000 tonnes to 250 000 tonnes per year [Lurgi, 2006]. Similarly 
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another contractor Crown Iron had a reference list indicating about 2,17 million tonnes 
capacity as built up to May 2007. 
 
Interestingly, a feasibility study prepared in Tennessee, U.S. states that biodiesel production 
is most efficient at the level of 34 050 tonnes per year to 51 075 tonnes per year [English, 
2002]. This is equivalent to 10 -15 million US gallons a year or 103 to 154 tonnes a day. This 
compares with the Crown Iron reference list showing capacities of 300 to 800 tonnes a day 
[Rodriguez, 2008]. 
 
The average plant capacity in China is about 60 000 tonnes per year; India 26 590 tonnes 
per year; Japan 792 tonnes per year; Indonesia 70 000 tonnes per year and Malaysia 112 
000 tonnes per year [Wahid, 2009]. The Japanese market of 19 800 tonnes is based on 
WCO as feed stock compared to the Malaysian feed stock of palm oil which is now the 
vegetable oil with the highest volume produced per year. Malaysia had 91 plants in 
production in 2008 with a further 88 planned to double its capacity of 10,20 million tonnes 
[Wahid, 2009]. 
 
In 2008 there were 256 plants in Europe with the total biodiesel capacity estimated at 20,9 
million tonnes. This equates to a capacity of 81 000 tonnes per plant although it is known 
that many plants are in operation with capacities even of the order of 10 000 tonnes per year 
[European Biodiesel Board, 2009]. The average plant capacity in Germany was 110 266 
tonnes/year in 2010. If the capacities of the 45 plants are analysed, 8 plants have capacities 
up to 10 000 t/year, 1 plant operates at 30 000 tonnes, 11 plants have capacities between 
30 000 – 60 000 t/year, 8 plants between 60 000 – 100 000 t/year and 17 plants with a 
capacity exceeding 100 000 t/year [Bockey, 2010]. 
 
In this work, the capacity selected was 40 000 tonnes per year. This capacity fits in with the 
optimal plant size based on sensitivities explored by Nguyen and Prince [Amigun, 2008]. 
Some three plants coupled to the markets and proximity to major refinery locations can be 
envisaged for South Africa. Smaller plants will operate on the same process routes, but 
there may well be a preference for a smaller plant in a rural area or if the enzymatic process 
route is followed. There is information available on capacities of 100 000 tonnes per year 
and again sensitivity analysis may point to the optimal choice. It has to be borne in mind, that 
as for diesel and for that matter crude oil, a commodity is being discussed. 

6.7.2  Mode of operation 

 
Current biodiesel production is in many aspects simple, operator friendly and within their 
chemical boundaries, efficient [Helwani, 2009]. There are a number of reasons why the 
industry does not emulate the crude oil refining industry, two reasons being the point of 
departure with it being seen as an industry that has a cottage attraction and secondly, the 
fact that it is associated with the agrarian industry. If the amount of feed stock available is 
compared with crude oil production, statistics indicate that the volumes produced are a 
fraction of the volume of petroleum diesel produced. It follows that many biodiesel plants in 
different parts of the world with production volumes below 10 000 tonnes per year are batch 
plants. 
 
The production of biodiesel can either be conducted in a batch process or continuous 
operation [Ma, 1999]. Continuous processes can be more efficient, in terms of overall 
reaction cycle times, cost and product quality control [Zheng, 2007]. Batch processes 
provide excellent opportunities for quality control if variations in feed stock are common, 
such as with yellow grease or animal fats [Kinast, 2003]. For capacities above 3 780 m³/year 
or 1 MM US gallon per year (MMGY), the continuous mode is mostly used [Myint, 2008]. The 
continuous process is normally selected for better performance judged on the following 
parameters [Myint, 2008, quoting Anderson et al., 2003]: 
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 Heat economization. 

 Product purity from phase separation by removing only the portion of the layer 
furthest from the interface. 

 Recovery of excess methanol in order to save on methanol cost. 

 Minimal operator interface in adjusting plant parameters. 

 Lower capital cost per unit of biodiesel produced. 
 
In practice, biodiesel is being produced from what amounts to back yard operations using 
agitated vessels or pump mixing, followed by settling and purification in the same vessel, to 
large scale continuous plants. In the continuous plants either CSTR or plug flow reactors are 
used with centrifugal separation of product followed by complex purification trains, involving 
distillation or ion-exchange columns. It is also possible to do the conversions in a batch 
plant, followed by purification on a continuous basis. Some more discussion on the mode of 
operation follows in the section on instrumentation (section 6.9.7). 

6.7.3  Design options from engineering contractors 

 
Engineering contractors rely on their in-house and built up expertise for future work and are 
therefore reluctant to provide specific information except to clients with whom they have 
entered into contracts. As the process is mature, especially for the alkaline catalyst case and 
at least some of the contractors are also active in the oil extraction and processing fields, 
there is information available to compare unit processes and equipment needed. 
 
In general the methodology is similar with the feed stock being prepared, up to the point of 
refining in cases; then the conversion processes and  the purification of the biodiesel;  the 
recovery of the alcohol and the processing of glycerol. Assuming very similar process flow 
diagrams up to the conversion reaction, both Crown Cork and Lurgi rely on a feed stock with 
the minimal number of impurities and water, except if the requirement is to treat a feed stock 
with high free fatty acids. As is also proposed in a standard design for biodiesel production 
from soybean oil by the US Department of Agriculture, [Haas, 2007], acid (normally HCl) is 
introduced after transesterification, but before separation of biodiesel product and glycerol 
[Masterson, 2009]. Having separated the glycerol, the biodiesel is then washed, the 
methanol stripped and the product purified using filter aids. Invariably, two reactors are used 
in series in the transesterification process with glycerol separation in between, either by 
gravity or centrifugation [Ondrey, 2006]. 
 
 In the flow sheet found in the feasibility study from the University of Tennessee, [English, 
2002], a typical Lurgi process flow diagram is found. In this case the glycerol streams from 
the separators are combined with the ester washing stream with acid used to neutralise the 
catalyst prior to methanol recovery. Also the ester is then dried prior to the addition of 
additives and storage for product shipment. This has to be contrasted to the European 
experience of Lurgi where two mixer settlers are used and the methyl ester is separated as 
the light phase from glycerol and water as the heavy phase. Lurgi introduces a subsequent 
counter current washing step for the methyl ester (biodiesel) as a patented cross flow 
glycerol mechanism. The biodiesel is then also dried. 
 
It is clear in studying flow sheets from Crown Iron, that there is a heavy focus on ensuring a 
feed stock free from impurities before transesterification and a biodiesel product after 
washing and filtration that will meet specifications. Other initiatives rely on plant layout where 
gravity flow is used and static decanters employed to separate phases. Other contractors 
like JatroDiesel also prefer to use static decanters.  
 
 If the flow sheet and equipment list developed in this work is then compared to the plant 
from a reputable international contractor illustrated in Figure 6.36, all the major items of 
equipment in the process area can be readily identified. Also the footprint for the process 
area can be ascertained, as discussed in Chapter 7. 
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Figure 6.36  Illustration of the lay out of a 12-15 million US gallons biodiesel plant as 
provided by Crown Cork 
  
As mentioned before, a huge number of papers were consulted, amongst others from 
research institutions and universities and conceptually, there is no marked difference with 
the flow sheet for base catalysis (HACA) developed in this work. For the objectives set out in 
this research, for two reasons there is confidence in the information presented and 
conclusions to be reached. Firstly, minor variations in equipment count will not be significant 
in the context of the cost of the feed stock and other operational costs. Secondly, the 
technology is mature and more than one hundred commercial plants are available. With the 
exception of commercial plants based on the Esterfip-H heterogeneous catalyst process, on 
account of temperature and pressure conditions, evidence on commercial plants in 
production using the other main process options discussed in this work, namely the enzyme 
route (ECA) and variations on the supercritical (SCA) process route, could not be found. 

6.8  MASS AND ENERGY BALANCES 

 
The main biodiesel production process costing is based on the base catalysis route. Using 
that flow sheet and a crude oil flow rate of 5 000 kg/hr it was possible to calculate the mass 
flow rate of every reactant and product. Information contained in the literature assisted in 
ensuring that the template used together with other software tools provided a realistic mass 
and energy balance [Tapasvi, 2004]. This is being presented in Appendix B as a block 
diagram and a number of spreadsheets. During the course of this study, it was found that 
costing information on the ECA and SCA process routes could also be developed, following 
from the three process flow sheets developed in section 6.6.  Equipment lists were compiled 
on a comparative basis and are enclosed in section 11.2.5 of Appendix B. 
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6.9  EQUIPMENT AND SYSTEMS SPECIFICATIONS FOR A BIODIESEL PLANT  

 
The unit processes used in the refining of the crude oil or fat prior to the conversion to 
biodiesel are not unique. In this section the focus will therefore be on the equipment 
discussed below, which can be more readily identified with a typical biodiesel plant. 

6.9.1  Reactors for conversion unit processes 

 
Assuming a continuously operated plant for either 40 000 tonnes or 100 000 tonnes per 
year, in conventional transesterification, mass transfer is limited by the poor hydrodynamic 
environment and equipment has to be chosen accordingly. Considering the three control 
stages in the overall reaction, namely mass transfer, kinetics and equilibria, the mass 
transfer is the slowest of the three stages due to the poor miscibility of the two reactants 
[Behzadi, 2009]. Using one or more Continuously Stirred Tank Reactors (CSTRs), the outlet 
composition of the products is assumed to be the same as the average composition within 
the vessel. Secondly, the size of the vessel is calculated to give sufficient average residence 
time in the vessel for the process to proceed to the desired point [Leveson, 2007]. 
Advantages in using two reactors in series with glycerol being removed from the product 
stream from the first reactor are that the reactor time is reduced and product purity is 
improved. It is reported that using HYSYS 3.2 simulation and reducing the sizes of the two 
reactors, the cost of the reactors increased, to be off-set against the benefits obtained 
[Kapilakarn, 2007]. 
 
If a tubular reactor, also known as a plug flow reactor (PFR), is used, it should be designed 
to achieve flow rates with Reynolds numbers (Re) above 2 100 and a length to diameter 
ratio greater than 300 [Leveson, 2007]. On an industrial scale plug flow reactors are often 
assembled as a number of tubes with the residence time determining the length of the tubes. 
A bundle of tubes constructed in the same manner as a shell and tube heat exchanger could 
be used, i.e. a plug flow tubular reactor (PFTR).  
 
It has already been discussed that in the production of alkyl esters, the conversion steps 
feature the formation of monoglycerides and diglycerides prior to the ester, both the former 
compounds known to be good emulsifiers. In the reverse reaction to producing biodiesel, 
namely FAME glycerolysis, it was found that in the absence of stirring, the phases tend to 
separate due to mass transfer limitations [Negi, 2006]. In comparison with a CSTR, a PFTR 
gave no significant improvement in monoglyceride selectivity. Thus the phases need to be 
well mixed, suggesting a high Re number in the PFTR or an in line mixer in front of it, 
compared to using a CSTR, where the assumption with good stirring is that the 
concentration inside the vessel is uniform. A cascade of CSTRs will approach plug flow 
behaviour, hence the industrial use of normally two CSTRs in series [Negi, 2006]. In a PFTR 
stratification of the immiscible liquids can be overcome by using patented mixing devices 
throughout the reactor length [Blue Diesel, 2009]. 
 
In the case of reactions at supercritical conditions, conventional thinking suggests PFTRs. 
As will be discussed  again in Chapter 8, either one or two reactors can be used in series 
with separation of the oil and aqueous phases in between. One reason is that the pressures 
and temperatures need to be considered from a safety aspect and correct design codes as 
for pressure vessels and boilers need to be used. In other industries however, CSTRs have 
been used and in Figure 6.37 is a pictorial view of a CSTR as selected by a specialist 
company, Biazzi, for biodiesel production at the capacity chosen for consideration in this 
dissertation [Lampert, 2008]. CSTRs and PFTRs can also be used together if there are 
advantages from a design point of view. In discussing heterogeneous catalysis, packed bed 
reactors were mentioned. Also when immobilised lipases are used, these will be confined to 
packed bed reactors. In general the volume occupied and the structural  support for the 
catalyst has to be considered when designing these reactors. In Figure 6.38 a pictorial view 
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is shown for  the Esterfip-H reactor which featured in the discussion in section 6.6 earlier in 
this chapter of the study.  
 
 

                            
 
Figure 6.37  The Biazzi CSTR type reactor [Lampert, 2008] 
 

                           
              
Figure 6.38  The Esterfip-H reactor 
[Abstracted with credit to Institut Français du Pétrole, copyright 2008] 
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For reactor design the extent of product conversion is the most important consideration. 
From the discussion as reflected in this chapter, the key reactor variables will be 
temperature, pressure, reaction time and degree of mixing. If the reactor has to operate in a 
liquid phase environment at atmospheric pressure, the lowest boiling point reactant limits 
some of the conditions for the variables and higher shear mixing is limited by the dimensions 
of the reactor [Behzadi, 2009]. In the literature a number of innovative approaches are 
mentioned, designed to overcome the limitations in the transesterification reaction. Most of 
these reactors are not used on an industrial scale and are not operating in the liquid phase 
only.  
 
A high-shear reactor marketed by Kreido Biofuels is said to accelerate the transesterification 
reaction by three orders of magnitude [Ondrey, 2007]. The reactor consists of a cylindrical 
vessel or stator tube and an inner rotating cylinder that is driven at up to 5 000 rpm by a 
variable speed motor. Reactants are fed into the narrow annulus between the rotor and the 
stator at the one end of the reactor and the product exits at the other end, the residence time 
being of the order of 1s. The reactor is called the STT reactor for “spinning-tube-in-tube.” 
Kreido Biofuels was developing plants with a total capacity of 100 MMGY to come into 
operation by end 2008 using this patented reactor [Kreido, 2007]. The slump in the U.S. 
biodiesel industry may have affected progress on the use of this reactor as further 
information was not since published. 
 
Using the IKA inline dispersing machine type reactor a highly energetic shear zone is 
created. The feed stock and reactants are dissolved in very fine droplets which it is claimed  
increases the specific surface enormously and decisively intensifies the mass transfer. In 
performing this function the IKA DISPAX-REACTOR accelerates the transesterification 
reaction [IKA, 2007]. Compared to using CSTRs, the in-line dispersing machines offer 
advantages in terms of space requirements, lower investment costs and low operating costs. 
 
Magnetic impulse cavitation reactors use high frequency magnetic pulses which operate at 
the molecular level. Fatty acid molecules are split with micro-explosions resulting in a 
decrease of viscosity. The reactants are fed to processors arranged as modules and 
controlled by sophisticated software where reactions are taking place. As an example thirty 
BIOTRON ST 1 000 automatic modules can process 250 million liters of biodiesel per year 
with a power requirement of 32 kW per unit. It is claimed that processes involving recovering 
of methanol and the purification of the biodiesel are eliminated. A more environmentally 
friendly operation ensues at moderate temperatures [Special Technologies, 2008]. 
 
The micro reactor for biodiesel works on the principle of intensifying heat and mass transfer 
due to a significant decrease in diffusion path length between reacting molecules and a large 
increase in the surface-area–to–volume ratio [Spies, 2005, quoting Ehrfeld, 1998]. In 2009 
the CSIR in South Africa announced that they have completed laboratory investigations and 
optimisation studies and they were in a position to conduct comparative studies including 
pilot plant work on batch transesterification [Buddoo, 2009]. For an output of 20 000 tonnes 
per year they claimed an 11,1% saving on manufacturing cost and a 24,4% saving on capital 
cost with the micro reactor plant projected to cost R 6,5 million. From the CSIR point of view, 
the main advantage of a micro reactor plant seems to be mobility and size, indicating 
applications in a niche market. 
 
The gas liquid reactor operates on oil or fat injected with a high pressure nozzle into a 
cylindrical vessel at elevated temperature in which methanol vapour, together with the 
catalyst, flow in a counter current mode. The desired reaction temperature is achieved 
through steam jacketing the reactor and preheating the reactants. Typically oil is injected into 
the reactor at 100ºC -120˚C and methanol/catalyst at 85ºC - 95˚C [Behzadi, 2009]. 
 
In the membrane reactor both the lipid feed stock and the methanol/catalyst are fed as 
continuous streams into the membrane reactor system. The membrane pores are small 
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enough not to allow the lipid feed stock molecules out of the vessel in an across flow mode, 
in contrast to the products of the reaction, namely biodiesel, glycerol, methanol and catalyst, 
which exit as a solution [Cao, 2008]. The immiscibility of the oil (Canola oil is being used at 
the University of Ottawa) in methanol is used to to enable separation of reaction products 
from the residual oil from the transesterification process [Li, 2008]. 
 
In the falling liquid-liquid film reactor the mixing intensity problem is overcome by creating an 
interfacial area without dispersing droplets from one phase to another. This is done in a 
vertical tube with a structured packing in its interior which avoids the necessity for 
turbulence. The flow regime is laminar and the reaction takes place on the interface between 
oil and methanol films with catalyst [Narváez, 2005]. 
 
Oscillatory flow mixing (OFM) is a process intensification technology to improve mixing as 
well as other process properties and requirements such as heat transfer. The oscillatory flow 
reactor is a tubular reactor containing periodically spaced low orifice constrictions. These are 
applied in an axial direction and the oscillating fluid causes periodic toroidal vortices between 
each constriction. The residence time distribution can be close to plug flow but the net flow is 
not turbulent. So called long reactions with residence times greater than 15 minutes can then 
be performed in a plug flow reactor with relatively small length to diameter ratios [Zheng, 
2007]. 
 
Although it is not known whether this has been applied on an industrial reactor, work has 
been done on microwave radiation to enhance the transesterification reaction. An acid 
catalyst like sulphuric acid is immobilised in silica as support. In comparative tests, it was 
found the reaction is much faster when subjected to microwave irradiation with higher yields 
of fatty esters [Perin, 2008].  
 
Base catalyzed transesterification was performed using low frequency ultrasound which 
resulted in lower catalyst use and a shorter residence time in the reactor [Kumar, 2009]. 
Ultrasound is the process of propagating compression waves with frequencies above the 
range of human hearing. The sonic pressure variations cause solvent compression, 
rarefaction and cavitations. The cavitations during sonication produce extreme local 
conditions in the reaction mixture, resulting in a micro environment with high temperature 
and high pressure accelerating the reaction. In experimental work optimal reaction 
conditions for 1:6 coconut oil to ethanol ratio with 0,75 % KOH as catalyst, an ultrasonic 
wave amplitude of 60%; ultrasonic irradiation pulse 0,3 s cycle each second; reaction time 7 
min; a conversion of 98% was obtained [Kumar, 2009]. The concept of using ultrasonics on 
an industrial scale for the production of biodiesel was reported to be the feature of a 15 
MMGY plant designed by Panzardi ERM in Puerto Rico. The ultrasonics feature came about 
through the work of the professor in Chemical Engineering at the University of Puerto Rico 
Mayaguez, Dr. Colluci [Rentas-Guiti, 2002]. In South Africa, it has been reported that a 
continuous operation with a capacity of 1 000 litres/h is operated using ultrasonic technology 
for two transesterification reactions following a solid catalyst process to esterify free fatty 
acids from waste cooking oil. The plant is fully automated and also does not use water for 
purifying the biodiesel. It was designed and built by a company Bioneer [Payne, 2008]. 
 
In order to reduce operational costs of biodiesel production, an idea is to use reactors with 
intensive heat and mass transfer and high reaction rates through cavitation, ultrasound 
radiation and intensive mixing with jet reactors. The jet reactor developed by a South African 
organisation BioFuelsON develops its own heat. The organisation claims that by combining 
ultrasound technology with jet reactors, reaction rates are increased by 50 percent. 
Transesterification temperatures will be increased by the energy supplied in jetting, resulting 
in less heat being supplied to the system [BioFuelsON, 2007]. Since 2009 a Cape Town 
based company BioGreen Diesel has been running a 2 000 litre/day biodiesel plant 
converting waste oil and chicken fat from restaurants and retailers to biodiesel. This plant 
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utilizes the patented jet reactor invented by Org Nieuwoudt of BioFuelsON and Leon 
Lorenzen [BioGreen Diesel, 2009]. 
 
Little information is available on the Shock Wave Power Reactor (SPR) marketed by Hydro 
Dynamics Inc [Hydro Dynamics, 2010]. The reactor is given to be a next generation reactor 
and is shown on process schematic diagrams to be suitable for batch and continuous 
operating conditions. As the reaction occurs instantaneously, it is claimed to facilitate double 
the production rate, compared to conventional technology. 
 
Although no commercial examples could be found of a process route for biodiesel production 
using a continuous flow reactive distillation (RD) reactor, this process involves a lower 
inventory for alcohol and thus lower operating and energy costs. This is due to the fact that, 
for example, a 4:1 molar ratio of alcohol to oil is used and therefore less alcohol needs to be 
recovered in the separation steps following transesterification. Reactive distillation is a 
technique of simultaneous implementation of chemical reactions and distillation in a counter 
current column. Although the process can be performed in tray or packed columns, the tray 
columns are preferred for homogeneous systems [Singh, 2004]. The mechanism for 
biodiesel is to introduce a feed stream of oil and methanol/catalyst at the top of the column, 
which will flow downward with condensed methanol. Methanol vapours from the reboiler 
raise upwards causing a counter-current gas-liquid contact. Each tray then forms a reactive 
zone, or a mini-reactor. Each mini-reactor contains alcohol which is much more concentrated 
than that in the feeding stream, forming high alcohol to oil ratios and resulting in a more 
uniform and higher reaction rate.  

6.9.2  Decanters and centrifuges 

 
 For the oil phase and aqueous phase, as the product discharges from a reaction vessel, the 
separating options in biodiesel production are by gravity or using centrifuges [Garner, 2005]. 
Centrifuges quickly separate the mixture but are expensive to purchase and operate, due to 
comparatively substantial amounts of power consumed. More maintenance is also 
necessary [Mosali, 2009]. Centrifuges create large gravity forces by rapidly increasing the 
velocity of droplets entering it and through its mechanical action and using the differences in 
specific gravity, the different components are separated [Leveson, 2007]. If the centrifuge is 
of the self cleaning disc type, the product is fed into the bowl through the inlet and is 
separated in the disc stack. The light product phase (clean oil) flows inwards towards the 
centre and is discharged foam-free and under pressure by the centripetal pump through the 
outlet. The heavy product flows towards the periphery over the separating disc, where it is 
picked up by the Fine Tuner and fed under pressure to the outlet from where it discharges 
under gravity through the discharge pipe [Zeldenrust, 2009 (Westfalia Separator)]. 
 
Gravity separation is fairly inexpensive, but the trade off is that the process is relatively time 
intensive [Garner, 2005]. The retention time in the vessel allows time to correct process 
problems and instrument and power requirements (pumps for discharge) are lower, also 
maintenance and downtime are low. Depending on the degree of refinement of the feed 
stock, emulsion formation is low and the decanter can provide storage capacity [Masterson, 
2009]. 
 
In the biodiesel plant, the density difference between the dispersed phase (glycerol) and the 
continuous phase is substantial and therefore Stokes’ Law should be obeyed. The two 
characteristics to be observed are sedimentation and coalescence. Research has been 
conducted and a formula developed based on the so called Das model, which can predict 
settling velocities [Garner, 2005]. For industrial applications, the practical way to size the 
decanters, is to choose a suitable residence time in the decanter. Furthermore, for decanters 
a length to diameter ratio of 1:4 to 1:5 is convenient and the volume of the vessel should 
allow for a holding time of about three hours in practice [Leveson, 2007]. As both types of 
separation devices have advantages, other considerations such as whether the process is a 
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batch process or a continuous operation, can affect the choice between centrifuges and 
gravity separation. For batch operations, gravity separation is usually used, except if 
increased throughput is an issue [Garner, 2005]. 

6.9.3  Storage tanks 

 
A study for a biodiesel facility in the U.S. assumed that a 5 MMGY plant would require 625 
000 gallons of storage for soy oil, as well as 83 333 US gallons of storage for finished 
biodiesel [van Wechel, 2003]. Two more factors informing the capacity to be allowed for in 
storage tanks are the availability of product transport and access to the market. In the U.S. 
not all customers are set up to receive fuel by rail and rail scheduling is not reliable [Biofuel – 
news, 2009 (July 30)]. Also depending on feed stock supply, the question is whether to 
establish the facility near the market or near the source of feed stock. Logistics and 
infrastructure availability will influence the relevant storage capacity needed. 
 
It seems as if the significant cost associated with the tanks and storage facilities for a 
biodiesel plant is either ignored or not explicitly stated, although it was specifically mentioned 
in a widely quoted reference on the economic feasibility of a 10 MMGY plant [Haas, 2006]. 
Storage facilities were modelled on a 25 day working supply and it was found that the tanks 
contributed one third of the equipment cost. In an Environmental Assessment Scoping 
Report for a 75 million litre facility at Wagga Wagga in Australia, which was envisaged to be 
an integrated facility, apart from 1 000 kL capacity in smaller tanks, 3 000 kL in tank capacity 
was envisaged for vegetable oil and 4 200 kL for biodiesel, respectively [HLA-
Envirosciences, 2007]. If an integrated facility is designed, the storage capacity for the oil 
seeds provide flexibility for biodiesel capacities. 
 
A feasibility study on the Caparroso biodiesel plant in Spain reveals that for a 35 000 tonnes 
per year facility the storage tanks for feed stock, reagents and products have a combined 
capacity of 14 000 m³ [Méndez, 2006]. Some of these tanks are shown in the photograph 
captured in Figure 6.39. The photograph reveals that the design for the tanks are similar to 
the design envisaged in the  tank specification prepared in Appendix B. 
 

                        
 
Figure 6.39  Photograph of storage tanks at the Caparroso biodiesel plant in Spain 
[Abstracted with acknowledgment  to the University of Strathclyde, Glasgow] 

 
Some storage tanks for the 60 000 tonnes per year Biocapital Biodiesel plant at Charqueada 
in Brazil are shown in the photograph captured in Figure 6.40. 
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Figure 6.40  Storage tanks at the Charqueada plant in Brazil 
                      
A further consideration is whether the storage facilities should be built using stainless steel 
or mild steel. Apart from costs, contamination and the potential to provide sites for microbial 
growth, are issues. The professional contractors prefer stainless steel tanks as these tanks 
have a longer life and a higher salvage value [Rodrigues, 2009]. In South Africa Columbus 
Stainless Steel has a product Duplex 2001 available at a competitive price, but offering 
better buckling properties for tanks [Dewar, 2010]. 
 
Provision has to be made for the draining and storage of off specification product or 
reactants, for example if emulsification takes place in the decanting vessels or if some 
mishap occurs during the transesterification or other chemical reactions. The tanks, pumps 
and associated piping need to be added to the equipment lists and piping takeoffs. Road 
tankers for petrol and diesel in South Africa have a capacity of up to 45 000 l and are filled 
from the bottom at a rate of 1 000 l/min. This information is useful in calculating tank and 
pump specifications. 

6.9.4  Distillation columns 

 
In alkali catalysed biodiesel production, the stoichiometric requirement in methanol is 
exceeded by a factor of 2 so as to drive the equilibrium of the reaction towards higher 
conversion in the transesterification reaction. This methanol has to be recovered which is an 
important unit process with the highest operational cost in the operation. This cost is 
estimated at around 66 % of the total operational cost, distillation costs being 7 % to 22 % of 
the total manufacturing costs [Nguyen, 2010]. The methanol will be found mostly in the 
glycerol stream, but to comply with specifications for the biodiesel product, some methanol 
needs to be removed from the biodiesel. This can be done by vacuum drying or distilling the 
methanol and water as tops in a distillation column. It is found with vacuum drying that there 
is some carry over, thus depending on specification requirements; a vacuum distillation 
column with biodiesel as the top product, may be preferred. It is useful to note that published 
normal boiling points for common pure methyl esters range from 466 K for C8:0 to 639 K for 
C18:2. [Yuan, 2005] 
 
In the glycerol stream, also containing water and salts from neutralising catalysts, the 
methanol can be recovered with a fractional distillation column or a dual column which can 
be designed as a skid mounted package unit [Huisinga, 2009]. Typically such a system will 
have an automatic self adjusting control system to ensure high purity methanol. Wet 
methanol and off-site reprocessing costs can thus be prevented. In providing power for 
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motors, motorised control and instrumentation designs have to cater for hazardous 
conditions and explosive atmospheres. 
 
In a further paragraph, washing of biodiesel is discussed, the objective being to separate 
impurities that will affect the quality of the biodiesel. The biodiesel separated as an oil phase 
after transesterification, can also be subjected to distillation with the biodiesel contained in 
the top product. In the 60 000 tonnes Biocapital plant in Charqueada in Brazil the biodiesel is 
purified by vacuum distillation at 280ºC and 15 torr. An extra pure biodiesel is obtained 
[Engelhaupt, 2007]. This purification process is also promoted by SRS Engineering 
[Huisinga, 2010]. The thermal decomposition temperatures for FAME and glycerol are 250 
ºC (482ºF) and 150ºC (301ºF), respectively. 
 
Similarly, in another study where the four process routes, pretreated alkali catalysed, acid-
catalysed, heterogeneous acid catalysed and supercritical respectively, were evaluated, in 
all cases the biodiesel was finally purified through distillation at a reflux ratio of 2; the number 
of stages varying between 5 and 10 and the lowest final purity calculated at 99,65% [West, 
2008]. Tower costs were found to be similar for all cases. 
 
In biodiesel purification the product has to meet the criteria as given in the quality standards 
applicable. For example ASTM specifications require biodiesel to be more pure than 99,6%. 
Depending on the unit processes used up to the distillation column, there could be methanol 
and water which can be separated from biodiesel in a partial condenser in the column 
overhead in a FAME distillation column. The bottoms from the distillation column will then 
contain unreacted feed stock. Operating under vacuum to prevent FAME decomposition, a 
tower with four stages and a reflux ratio of 2 was used in a study widely quoted [Zhang, 
2003]. Unreacted feed stock could be circulated back to the transesterification section or 
other products extracted from this stream. In an analysis of technological alternatives for 
biodiesel production for both the the acidic and base catalyst cases, the biodiesel is also 
distilled as the top product [Marchetti, 2005]. 
 
If the numerous scientific studies on the alkali transesterification process route are compared 
on a chronological basis, it is clear that the later studies favour distillation for separation and 
purification [Glišić,2009; Nguyen, 2010]. This is a case of optimisation where either after 
transesterification centrifuges or decanters are used on the one hand or distillation follows 
immediately after the washing of impurities like mono- and diglycerides and catalysts from 
the products. It should be remembered however that especially in the U.S.A., the industrial 
plants all operate on separation by gravity (centrifuges or decanters) in contrast to the 
simulations by Glišić and Nguyen. The choice of which unit processes are to be performed, 
could depend on the location of the plant and the level of operator skills available. Also it 
seems when distillation is practised for three unit processes – FAME and oil separation; 
water/methanol and glycerol separation and methanol and water separation respectively, at 
least in theory two reactors in series are not required.  
 
For flow sheet work, many of the feasibility studies consulted showed biodiesel as a product 
but no provision made for the cooling and return of unreacted triglycerides to the 
transesterification area. In theory this approach is fine, but invariably conversion rates of 
triglycerides to FAAE below the theoretical value of 100% are reported. For the practical 
plant designer this observation cannot be ignored and assuming separation of the biodiesel 
from “wastes”, either these products have to be discarded, processed or recirculated. From 
an energy consumption perspective, the condenser and reboiler duties cannot be 
generalised.  

6.9.5 Pumps 

 
The unit processes and storage requirements require that a number of liquids with varied 
viscosities, flammability and corrosive properties, have to be transported in between units 
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and into and from the plant. From the flow sheets developed in section 6.6, it can be seen 
that vegetable oils, acids, alcohols and bases have to be handled. 
 
In a study to decide between centrifugal pumps and a stainless steel vane pump for handling 
diesel, it was found that efficiencies were 20% and 60% respectively, the vane pump 
required 50% less power and the cost for the centrifugal pump was 20 to 25 % higher than 
for the vane pump [Viking, 2008]. It is therefore useful to study best practice in U.S. plants, 
as was done in this case, and specify the pumps accordingly. The pumps as selected are 
listed in the equipment list in Appendix B of this study. 

6.9.6 Washing columns and biodiesel purification 

 
The biodiesel produced has to meet the relevant specification for acceptance by the 
mandating and regulating authorities, the oil companies and other blenders, engine 
manufacturers and the users. The untreated biodiesel contains several impurities such as 
free glycerol, soap, metals, salts, free fatty acids, catalysts, water and glycerides. There are 
two generally accepted methods to purify biodiesel: wet and dry washing [Berrios, 2008]. 
 
For wet washing as both glycerol and methanol are highly soluble in water, this method is 
the most common for treating the biodiesel from the separation process. The effluent from 
the water washing purification has been found to contain a total chemical oxygen demand of 
18 362; pH 6.7; conductivity 1 119 μS/cm; total solids 8 850 mg/l; volatile suspended solids 8 
750 mg/l and mineral suspended solids of 100 mg/l [Berrios, 2008]. It can be deduced that 
this process then also removes residual sodium salts and soaps. 
 
In experimental work de-ionised water as well as municipal water and acidified water with 
5% phosphoric acid was used. The phosphoric acid is used to neutralise the catalyst and the 
phosphate salt is separated. The best conditions found were also the most economical 
conditions: ambient temperature, municipal water; a water/ biodiesel ratio of 0,5 : 1. The 
water solubility in biodiesel at 20ºC - 22ºC is 1 500 mg/kg [Oliviera, 2008, as quoted by 
Berrios, 2008]. This water can be removed with drying. Unlike the dry washing processes, 
methanol is removed and can be recovered by flash separation. The information on water 
washing can be utilised for equipment selection. 
 
Industrially, wet washing is done in a batch mode in a vessel with a high height to diameter 
ratio with the ester and water introduced at the top of the vessel (in two stages, firstly as acid 
water and then neutral water) and the glycerol/water is collected at the bottom of the vessel. 
In continuous washing a high shallow-washing column is used with the ester introduced at 
the bottom of the vessel and water at the top, so as to achieve counter flow. The water is 
introduced as a fine mist sprayed over the fuel [Dugan, 2007]. Centrifuges can also be used 
for washing [Matthys, 2003].  
 
In a simulation for a 10 000 tonnes/year alkali-catalysed plant, a washing column with four 
stages was used. The amount of water used was 200 kg/hr at 25ºC [Glišić, 2009]. If FAME 
(biodiesel) is produced by the SCA process, washing would not be necessary if FAME is 
purified by distillation. 
 
In dry washing, two types of adsorbents are used in the two versions practised, namely the 
use of ion exchange resins and the use of finely powdered magnesium silicate (Magnesol D-
Sol). The magnesium silicate removes both particles and soluble impurities from which 
excess methanol can then be flash evaporated [Dunford, 2008]. The spent material has to 
be disposed of to landfill or other applications such as compost, additives for animal feeds or 
as a potential fuel [Berrios, 2008]. At least 0,75% (w/w) is required  to decrease glycerol and 
water content. It is claimed that in the U.S. the dry washing process is becoming the method 
of choice as it decreases production time, it answers the problem on ever-increasing cost of 
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water and the significant expense of water removal equipment, and it requires less plant 
space [Dugan, 2007]. 
 
Ion exchange resins are available from at least two suppliers. Rohm and Haas use Amberlite 
BD10 Dry (900 μm) and Purolite use PD206 (600 μm particle size diameter). It seems that 
the resins in acting as adsorbents are not regenerated in the washing process [Berrios, 
2008]. The resin needs replacing at the rate of about one tonne for every 250 000 US 
gallons of biodiesel processed [Mitchell, 2008]. Another estimate suggests that a kilogram of 
resin based on actual plant experience will clean between 900 and 1 600 liters of biodiesel 
[Dugan, 2007]. 

6.9.7  Control and instrumentation 

 
It was found that very little information is available on the control and instrumentation on 
biodiesel plants and it has to be assumed that the relevant costs are incorporated in 
feasibility studies, if at all, in the format of factors [Fan, 2006; Nisworo, 2005; Shumaker, 
2003; De La Torre Ugarte, 2006]. Equipment suppliers and contractors will normally only 
supply information on instrumentation costs after contract award because some of their 
know-how is in the mode of plant control. Indications of utilities required like instrument air 
may be given, but that will only assist in specifying items of equipment like instrument air 
compressors. It was therefore decided to do more work from first principles in looking at 
instrumentation and estimating relevant costs. The unit processes in a biodiesel plant have 
to be monitored by knowing and measuring variables such as time, temperature, pressure, 
flow rates and adjusting these to obtain optimum operating conditions for the designed and 
desired plant throughput. 
 
The selection of the optimal process control equipment is also informed by whether a batch 
or continuous operation is performed, the degree of automation for the plant, availability of 
control equipment and spares, equipment supplier support, location of plant and 
infrastructure as well as resources and operator availability and skills level. Lower quality 
feed stock also requires more processing equipment [Bantz, 2006].  
 
Biodiesel production facilities in the U.S. achieve the highest economy of scale at a level of 
10 – 15 million US gallons of throughput per year. Biodiesel facilities less than 10 million 
gallons are typically “batch” process facilities that are less costly to construct, but more 
costly to run per unit of production than a “continuous” facility [English, 2002; Jensen, 2007]. 
If biodiesel technology characteristics are compared for less than 10 million US gallons per 
year or 100 tonnes per day, a batch operation with less automation seems to be selected 
[Shumaker, 2006]. It is also possible to go for a hybrid plant with the conversion unit process 
running in a batch mode and distillation and purification processes running in a continuous 
mode. This will affect the selection of instrumentation and control equipment. 
 
Whereas 100 tonnes per day informs the choice between batch and continuous operation, a 
smaller plant can be automated, for example as for a 4 MMGY a year plant at Princess 
Anne, Maryland [Siemens, 2009]. Manual plants require four to eight operators per shift with 
typically a training period of one month, compared to two operators per shift with training for 
one week [Siemens, 2009]. Manual plants are also more costly to start up. 
 
The automated instrumentation option is selected for this study as in a U.S. case study it is 
claimed that choosing this route can save $1,5 million in operating expenses and $300 000 
to $500 000 in feed stock, catalyst and reactants for a 5 MMGY facility [Siemens, 2009]. It is 
also claimed that shopping for control and instrumentation equipment as a strategy is not 
cost effective [JatroDiesel, 2009]. Two factors favouring a one vendor approach are the cost 
of control integration and spares inventory. For the case where alkaline catalysis and the unit 
processes identified in section 6.6.1 in this chapter are described, the major items of 
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equipment for control and instrumentation for an output of 40 000 tonnes per year or 10 – 12 
MMGY will be as follows: 
 

1. Siemens S7 315 – 2DP Controller. 
2. Five Siemens SITRANS FC Coriolis Flow meters. 
3. Ten Siemens pressure transmitters, including SITRANS P DS111 and SITRANS 

Z models. 
4. Forty Siemens TH 400 temperature transmitters. 
5. Fourteen SITRANS Probe LU and four SITRANS LR level devices.  
6. Five Siemens POINTER CLS 200 level switches for overflow protection in the 

process area. 
7. A Siemens PROFIBUS network and thirteen Siemens micromaster 400 variable 

speed drives with PROFIBUS cables. 
8. Two Siemens SIPART PS 2 valve positioned temperature controls in distillation 

columns. 
9. Siemens touch screen human machine interfaces with WinFCC flexible soft ware 

for operator control panels based on Simatic PCS 7 platform and architecture.  
10. Cabling and wiring from tank farm and process area to control room.  
11. Instrumentation associated with the cooling tower, fire fighting pumps and other 

balance of plant items outside the process area. 
 
Some of the equipment specified will be independent of the scale of the operation while 
items such as flow meters, cabling and wiring will be capacity dependent. For a different 
capacity plant, the pipe diameter ratio will be proportional to the square of the change. Also 
items such as pneumatic valves will be capacity dependent. If the control and 
instrumentation equipment specified is checked for consistency against a facility such as 
Greenliht Biofuels in Princess Anne, Maryland, some 33 pumps and 100 pneumatic valves 
and 100 indicators are used, compared to the 200 items used in U.S. budget estimates 
[Mosali, 2009]. Another factor to consider, is that it is standard practice to use a specific 
control and instrumentation vendor for a manufacturing complex, and the above 
instrumentation requirements are given as an indicative list. 

6.10  COMPARISON OF BIODIESEL AND ETHANOL PRODUCTION  

6.10.1  Introduction 

 
First generation bio-ethanol and biodiesel production are comparable in a number of ways. 
Both products serve the transportation industry, the feed stocks are of agrarian origin, the 
feed stocks can be cultivated in competition to each other on the same land, both are issues 
in the food security debate and  some of the by-products in the production processes are 
competitors, especially in the livestock value chain. Together about 90% of the biofuel 
market is captured by bio-ethanol and biodiesel, these two commodities as produced at 
present being referred to as first generation biofuels [Röttig, 2010]. Two by-products, CO2 in 
the case of ethanol production and glycerol in the case of biodiesel production, have a 
commercial influence on the viability of the particular main commodity. In South Africa, at 
retail level, the prices for the two commodities are not remarkably different, suggesting that 
capital costs and manufacturing cost should be similar. In essence, a biodiesel plant for the 
same capacity, should have a lower cost than the capital cost for an ethanol plant. Similarly 
the manufacturing costs should follow the same pattern. 
 
 
 
 

6.10.2  Ethanol production 
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Conventional production of bio-ethanol is a well known process based on the enzymatic 
conversion of starchy biomass into sugars, and/or fermentation of these sugars, followed by 
distillation of the product to fuel grade ethanol [IEA, 2007]. Some 67% of the energy required 
for ethanol production is consumed in the fermentation/distillation process, of which over half 
is used to distill ethanol from water [Zerbe, 2006]. The most common feed stocks are sugar 
cane derived sucrose and corn (maize) derived starch and glucose, which are converted by 
Saccharomyces cerevisiae or Zymomonas mobilis to ethanol [Röttig, 2010]. 
 
In the U.S., the primary production of ethanol is through the dry grinding process. This 
production process results in a primary co-product called dried distillers grains with solubles 
(DDGS). It is produced by blending and drying the non-fermentable residues in corn (maize) 
after fermentation of the starch, i.e. wet distillers grains (WDG), and condensed distillers 
solubles (CDS). After the fermented beer is distilled, the whole stillage containing the non-
fermentable portions of corn grain is centrifuged to separate insoluble solids from liquids 
(thin stillage). The thin stillage is further condensed by removing water using evaporators, to 
syrup known as condensed distillers solubles (CDS). The insoluble solids at about 65-70% 
moisture (wet basis) known as wet distillers grains (WDG) is mixed with CDS and dried in 
rotary drum dryers to produce DDGS [Kingsly, 2009]. 
 
Advanced production of bio-ethanol is aimed at utilising all available ligno-cellulosic 
materials, as opposed to only the sugar and starch biomass components. Similarly, for 
biodiesel the Fischer-Tropsch Biomass to Liquids (BTL) technology aims to increase the 
biofuel production base, the resultant products in both cases often referred to as second 
generation biofuels [IEA, 2007]. For ethanol, the aim is to improve ligno-cellulosic conversion 
through enzymatic hydrolysis and micro-organisms, and improved conversion of 5- carbon 
sugars to ethanol. Some difficulties associated with this process were mentioned in Chapter 
3 where biomass was discussed.  A typical layout of an ethanol plant is depicted in the 
picture in Figure 6.41.  
 
 

    
 
Figure 6.41  Pictorial presentation of an ethanol plant. [Acknowledgment; Siemens] 
 
 
The unit processes used in ethanol production can be shown in the form of a process flow 
block diagram as presented in Figure 6.42 [Lynd, 2006]. 
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Figure 6.42  Process flow block diagram for ethanol production 
 
 
Considering maize (corn) as feed stock for bio-ethanol production, there is a link with 
biodiesel as maize oil (corn oil) can be used for biodiesel production. When the physical-
chemical parameters for biodiesel were examined using both methanol and ethanol as the 
primary alcohol in Brazil, conversions exceeding 97% were obtained [Dantas, 2007].  
 
In passing, biobutanol production should also be mentioned as this can be made from the 
same feed stock as ethanol [Lane, 2010 (June 15)]. The advantage of butanol  compared to 
ethanol for the same end use, i.e. as a blend in petrol or as the fuel in spark-ignition engines, 
is that it is a four carbon molecule – ethanol has two carbon atoms – and it can be 
transported in existing infrastructure for petrol. It has about 4 percent less energy density 
than petrol compared to 23 percent less energy for ethanol. The energy density of biobutanol 
is 2,09 times that of ethanol and it is estimated that by 2014 it will be produced at the rate of 
500 million US gallons in the U.S., compared to pilot plant volumes at present. This figure 
represents 60 percent more than the current U.S. biodiesel capacity [Lane, 2010]. 
Biobutanol has a lower vapour pressure than ethanol and can be used in blends to extend 
petrol volumes compared to ethanol. The current U.S. price for butanol is $7/gallon [Lane, 
2010]. In the bacteria based technology, C5 sugars can be used for butanol production. 
  

6.10.3  Notes on enzymatic biodiesel production flow 

 
As discussed in the process routes in section 6.6 on the enzymatic production of biodiesel, 
which admittedly is not commercial as yet, similar unit processes with large reaction vessels, 
long residence times, storage issues and plant layouts are encountered. Were it not for the 
cost of catalyst, the enzymes, there should be no marked difference in manufacturing costs. 

6.10.4  Process and cost comparisons 

 
Although there are many factors affecting the profitability of the operations for both ethanol 
and biodiesel production, three factors are of major importance in both cases. These factors 
are the price of petroleum, the price of feed stocks and the influence of renewables policy 
[Eidman, 2007]. For the U.S. not much can be deduced from comparing the wholesale price 
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formulae for petrol (gasoline) and diesel respectively, both being dependent on crude oil 
price per barrel. The formulae are [Eidman, 2007]: 
 
 Pc = WPg +0.0370 +0.0300 Pc and WPD = -0.0908+ 0.0536 Pc. 
 
 If biodiesel could be produced in the in situ extraction of oil and subsequent conversion with 
the enzymatic process route, more meaningful comparisons can be done. Perhaps the most 
meaningful comparison can be observed by comparing the then current (2007) costs of 
biofuels in relation to Brent crude oil prices and projection to 2030 as shown in  Figure 6.43, 
as was done by the American Information Energy Administration in an energy technology 
brief [IEA, 2007]. 
 

 
 
Figure 6.43  Biofuels price comparison with Brent crude oil [IEA, 2007] 
 
As expected ethanol and biodiesel prices are in similar bands and in both cases costs are 
predicted to decrease in the time period to 2030, comparing the darker colour bands in the 
ethanol/biodiesel diagramme to the lighter colour bands. For this study, firstly ethanol and 
biodiesel prices are in bands at roughly the same level. Secondly, biodiesel from animal fats 
are significantly cheaper than biodiesel from vegetable oils and FT diesel. In Chapters 5 and 
7 respectively, costs are calculated for biodiesel from animal fats, using the process routes 
developed in this study, and it is shown that this product will also be competitive to diesel 
from petroleum sources in South Africa. Unfortunately, the specification for biodiesel, SANS 
1935 precludes the use of animal fats for biodiesel and hence it is recommended that the 
specification be changed.  
 
For Europe, however, this is not the case. Overall, stronger growth rates for ethanol are 
forecast compared to biodiesel. Some reasons are that sustainability risks are greater for 
biodiesel, secondly, biodiesel production relies more on imported oils and oil seeds and 
thirdly, feed stock prices for sugar and grains are relatively low while prices for rapeseed 
have risen substantially in the period to 2010 [Hornby, 2010 (July 6)]. This can also be seen 
from information published in the OECD-FAO Agricultural Outlook 2010-19. It is predicted for 
wheat and coarse grains where prices rose by 80% and 60% respectively in the period 
2007-08, they will rise by 15% and 40% for the period 2010-‘19. By comparison vegetable oil 
prices rose by about 70% and are predicted to rise 45% for the periods concerned [OECD, 
2010]. 
 
If actual 2010 data is used, in Spanish ports, a tonne of wheat costs €150 and can be used 
to make 387 litres of ethanol, equivalent to €388/m³. The benchmark price for ethanol is 
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€470/m³. On the other hand, a tonne of biodiesel costs €803 to make in Germany, using 
palm oil at   €715/tonne, but it will only sell at €721 [Hornby, 2010]. The more attractive price 
margins for ethanol makes the commodity a better investment for large biofuel producers. 
This is aided by higher security of supply of feed stock with the European bloc of 27 
countries producing 284 million tonnes of cereal compared to oil seeds harvests of 28,3 
million tonnes [Hornby, 2010]. 
 
From the technology perspective, it is argued that considering the enzymatic process route 
for biodiesel, the major items of equipment and residence times are similar, the inhibitor for 
biodiesel production however being the cost of enzymes. In both cases in vivo biomass-
degrading enzymes in a synthetic biology may lead to cheap and effective processes for 
conversions of biomass to biofuels and other useful products [French, 2009]. 
 
On present technology, at least the Argentinian experience is that the set up of a bio-ethanol 
plant is considered to be three times more expensive than a biodiesel plant of the same 
production size [Lamers, 2008]. The converse may be true for Brazil due to its dominance in 
ethanol production. These facts can be translated to assessing the competitive positions of 
the two fuels in terms of the efficiencies in the whole value chain. These efficiencies are to 
be evaluated for the various sectors from crop production to milling, infrastructure for 
transport, the costs and availability of diverse feed stock options and socio-
political/economical interventions. 

6.11 SUMMARY OF TOPICS COVERED IN THIS CHAPTER 

 
The chemistry and mechanisms for the esterification of alkyl esters were reviewed, including 
reaction mechanisms with different catalysts, reaction kinetics and description of the pre-
treatment of feed stocks. The characteristics and properties  of feed stocks, other reagents, 
catalysts and co-solvents in the context of biodiesel production were evaluated. Attention 
was paid to primary alcohols as acyl acceptors, but other acyl acceptors were also identified, 
in particular a so called ‘green’ chemical, dimethyl carbonate. On catalysts, the types and 
classes of catalysts that can be employed in the relevant reactions, lead to the different 
process routes in the production of biodiesel and relevant findings from research papers 
were reported. Apart from biodiesel, glycerol is also produced in most of the cases described 
and therefore, important issues as to the uses of this entity and its unique properties in the 
manufacture of a range of products, were examined. It was found that some very interesting 
work has been reported on the transformation of glycerol into  valuable products, including 
work involving biological conversions. It is envisaged that glycerol can be the feed stock for a 
fine chemical industry.  
 
Identification of the various process routes available led to the selection of three process 
routes, namely the homogeneous alkali catalysed alcoholysis (HACA) route, the enzymatic 
catalysed alcoholysis (ECA) route and the supercritical alcoholysis (SCA) process route, 
where in the latter case, no catalyst is added to the reagents. On the ECA process route, it is 
strange that despite useful information on enzymes and process conditions generated in 
laboratories, this work has not been commercialised as yet. For these three process routes, 
process flow sheets were developed of which copies are enclosed in this chapter. Excerpts 
from these flow sheets depicting the reaction sections were separately done and 
incorporated in this chapter. If these flow sheets are compared to reported work, it is found 
that for the HACA route, the issue is about the sequence of the unit processes in the ARS-
USDA flow sheet and for the production of biodiesel from soybean oil, the feed stock was 
assumed to be a refined oil. Other conceptual flow sheets, mostly based on simulation work, 
were judged to be research orientated and did not facilitate  detailed comparisons or the 
confidence required if utilised in a commercial mode.  
 
For both the ECA process route and the SCA process route, no flow sheets  of a commercial 
or process licensor  nature could be found, resulting in the statement that the development 
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of the two flow sheets and the work that ensued from interpreting these flow sheets and 
producing priced equipment lists and estimates, is an original contribution to knowledge on 
biodiesel production with a specific reference to possible process routes. The boundaries 
imposed by the research proposal which focused on the HACA process route, were 
expanded. In both cases that were consequently developed, the presence of water is not a 
constraint and the advantages of using a co-solvent were exploited. In looking at commercial 
plants using heterogenuous catalysts, such as the Esterip-H and McGyan designs, 
confidence was obtained that specifically for the design presented in the SCA case,  the 
process conditions imposed, are manageable. An objective in finding process routes that are 
environmentally more friendly, with less effluent produced, was also achieved.  
 
Various considerations for an industrial biodiesel plant were described, including process 
contractors’ practice and the equipment and systems specifications with the emphasis on the 
major items of equipment: Reactors, separation equipment like centrifuges, decanters and 
distillation equipment. Special attention was paid to storage (tanks), control and 
instrumentation  and the selection of pumps for  the transport of the various fluids. Although 
a one vendor approach was followed on instrumentation, and it could be similarly stated for 
the selection of pumps, both these actions led to a higher confidence level on suitable 
choices for suitable equipment. 
 
The chapter was concluded with a superficial comparison of bio-ethanol and biodiesel 
manufacture. It was found that the costs of feed stock and the availability of cereals in the 
EU environment, gave it a competitive edge in terms of investors’ preference. This result is 
rather unexpected, as biodiesel manufacture involves less plant, although feed stock cost 
and availability are factors.  
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7 COST ESTIMATES, FINANCES AND THE ECONOMICS OF 
BIODIESEL PRODUCTION  

 

7.1  INTRODUCTION  

 
For biofuels to be a viable alternative to other energy carriers in renewable or conventional 
energy chains, these fuels should provide a net energy gain, have environmental benefits, 
be economically competitive and be producible in large quantities without reducing food 
supplies [Hill, 2006; Brent, 2009]. A key parameter for investigating feasibility of new energy 
carriers in the transportation sector, is whether technology can be scaled up to produce the 
volumes required, as otherwise the multinational oil companies would not even consider 
investing in relevant research [Mouawad, 2009]. 
 
A feasibility study should value all potential economic costs and benefits to assist in making 
trade-offs between often competing criteria and under a range of possible scenarios [Brent, 
2009]. These are heavily dependent upon the national and global macro-economic, social, 
cultural and ecological contexts and upon expectations of future demand/supply markets for 
food, water, energy and greenhouse gas emissions, population growth rates and 
environmental pollution and degradation [Brent, 2009]. In terms of economic feasibility, this 
will comprise the financial, agricultural and market feasibility respectively [Nolte, 2006]. 
 
The two main categories, under which costs for a biodiesel plant could be categorised, are 
costs defined to be of a capital nature and costs of a variable nature, such as the cost of 
production. Costs of producing biodiesel vary with the feed stock being used, the plant size, 
type and design details, when and where it was built, and how it is managed [Wisner, 2009]. 
Production costs in a feasibility study should include co-product sales and could include 
carbon credits and life cycle assessments of even non-marketable goods and services such 
as culture, aesthetics, ecology and health. Apart from costs associated with conversion-plant 
operating and capital costs, the cost of resources used such as water, pointing to the 
assessment of the economic value of the ecological and social externality costs of 
production, should be considered [Brent, 2009]. If the costs were estimated, the question 
then needs to be addressed as to how these costs relate to the selling price of biodiesel [van 
Gerpen, 2005]. 
 
There is a third category of costs which is very seldom addressed in cost models, it is not 
even well defined, but taking into account some types of costs that should be also 
considered, it could possibly be described as the real costs. The types of cost are: 
 

 Opportunity costs. Such a cost would be in the case of the value chain for biodiesel 
the cost of not doing anything. Sub sections would be to not cultivate energy crops or 
build a biodiesel plant. 

 Implementation costs. For this type of cost the cost for providing infrastructure, 
including administration costs in getting servitudes or buying land could be included. 

 Transaction costs. These are costs to do with monitoring social and environmental 
benefits. 

 Institutional costs. Costs included under this heading will be for legislative and 
institutional reforms as well as capacity building for having a viable industry. It may 
include costs related to social welfare and biodiversity protection. 

 
Some of these costs were discussed in a briefing by the Rainforest Foundation on the 
McKinsey ‘cost-curves’ used in policy decisions at national and international levels on the 
REDD programme mentioned in Chapter 2 [Dyer, 2010]. 
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It is clear that a great number of factors influence the profitability of, in this case the biodiesel 
industry in South Africa. In the United States, three major factors have in general been 
identified, namely the price of petroleum, the price of feed stocks and the economic effect of 
policy together with the interaction of these variables [Eidman, 2007]. For South Africa, 
although feed stocks are envisaged to be exclusively produced locally, and through the 
Fischer-Tropsch process some diesel is produced not dependent on crude oil as feed stock, 
this chapter in the main addresses a variable more relevant locally; the costs associated with 
the conversion plant. 

7.2  PROCESS DESIGN BASIS AND PROJECT ESTIMATE  

7.2.1  Process design basis 

 
The source document for defining the process design basis will encompass a number of 
deliverables necessary to ensure a well planned project. It is beyond the scope of this 
research to address each item required to be defined in this document, but some ten output 
areas are listed below [ Pavone, 2006]: 
 

1. Key contract elements. 
 
2. Key process design deliverables. 

 
Some items to be included are the process flow diagrams, specification sheets, mass 
and energy balances, process piping, electrical and instrumentation information, site 
civil and structural drawings, including plot plans and safety and utilities’ 
requirements. 
 

     3.   Contract communication specifications. 
  
           These documents will define the scope of the project, responsibilities of  project team  
           members, contractual terms, project schedule and budget. 
 
     4.    Key characteristics of the plant site. 
 
     5.    Economic factors and design impact. 
 
     6.   Typical offsite facilities. 
  
 These inputs will describe infrastructure and auxiliary facilities including raw and  
            waste water treatment facilities. Under this heading will also be covered brownfield  
            site compatability and capacities in terms of storage, utilities and services such as  
            fire protection, electricity supply and process requirements. 
  
 

7.  Major likely issues entailing environmental standards. 
 

8. Major issues related to environmental protection.    
 
    9.    Major safety related elements. 
 

10. Key issues related to project execution. 
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7.2.2  Planning parameters affecting project estimate 

 

7.2.2.1  Location 

 
As one is dealing with agricultural and energy commodities with a transport component, it is 
necessary to take cognisance of the availability, freight charges and cost of the feed stock. 
Secondly, the availability and cost of infrastructure, services and the capital cost to provide 
labour for the plant has to be optimised. Thirdly, the cost and availability of a market for the 
products need to be assessed. Fourthly, the cost of competition for the feed stock and 
products needs to be assessed. As for the main product, there is a need to evaluate the 
costs associated with both to distribute and to dispense the biodiesel [USDA, 2010]. 

7.2.2.2  Feed stock sourcing 

 
If the feed stock is delivered to the plant as a component of an integrated facility involving 
the crushing and extraction of oil, the sales of products deriving from the feed stock 
processing, long term contractual arrangements on the supply of feed stock and the 
utilisation of resources such as manpower and services common to the feed stock 
processing and feed stock conversion, all these variables will have a bearing on the inputs 
for both the capital and the operational estimates. 

7.2.3  Project estimate 

 
There are a number of variables which need to be specifically addressed as to make the 
project estimates discussed in this chapter specific and some of these may be defined in the 
project design. The project cost estimate is intended to zero in on the uncertainties in the 
capital cost required for items of equipment to be purchased, delivery costs, site preparation, 
costs of bulk elements and their installation, construction and engineering costs, indirect 
costs and contingencies [Lagace, 2006]. The accuracy of the information generated and the 
range will determine the class of estimate. A matrix of estimating deliverables will typically 
include general information, process equipment, electrical and instrumentation, civils, 
earthworks and structural costs, architectural, piping, insulation and protective coatings and 
the associated overheads and indirect costs.  

7.3 CAPITAL COSTS 

 
For a typical biodiesel facility those factors comprising the capital costs can be generalised 
for the process building and the complete facility as shown in the pie chart presentations in 
Figure 7.1 and Figure 7.2 [Dunford, 2008 (Mitchell, 2008)]. The relevance of the breakdown 
in the Mitchell pie chart for this research is that building and associated costs were 
separately assessed in this dissertation. The remaining components as a percentage then 
provide an installed cost for process equipment to be 50% added (a factor of 2) to the 
procurement or Basic Module cost of the item of equipment. In this fashion piping and the 
other components are accounted for, with some instrumentation and electrical items being 
allowed for in the balance of plant discussed in section 7.3.2.1 in this chapter. Where vendor 
packages were encountered, a factor of 1,2 was used. 
 
The accuracy of the estimate will vary depending on which of the five types of capital cost 
estimates is employed. In the order of magnitude estimate for a given production capacity 
the accuracy is between 10 and 50 percent. For the study estimate a 30% accuracy is 
expected; the scope or budget authorization estimate has a nominal error of 20 percent; the 
project control estimate 15 percent and the “firm or contractor’s estimate”, also known as the 
‘Procurement and Construction’ estimate will have an accuracy better than 10 percent 
[Petrides, 2000]. 
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Figure 7.1  Capital cost components for the complete biodiesel plant 

 

 
Figure 7.2  Capital cost components for the process building 
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For the study estimate the estimating guide will require information on eight variables namely 
the plant location or site; rough sketches or block diagrams of process flow sheets; an 
equipment list containing preliminary sizing and material specifications; for the buildings 
approximate sizes and type of construction; rough quantities of utilities such as electricity, 
water and steam; some flow sheets and specifications for piping and insulation; preliminary 
instrumentation lists and motor lists; and some estimate of engineering and project 
management hours to execute the project [Perry, 1963]. For the estimates in this dissertation 
in comparing selected process routes for biodiesel production, the study estimate 
requirements and accuracy was selected. From the work done in Chapter 6 of this study and 
also summarised in Appendix B, there is a high confidence level placed on the accuracy of 
the findings.  
 
 Capital costs will be dependent on the process route selected and the characteristics of the 
feed stock as those variables will inform the unit processes to be selected in the design of a 
biodiesel plant. As a point of departure, Figure 7.3 depicts installed costs for different 
capacities and feed stocks in 2008, based on estimates obtained from Lurgi PSI for a 
presentation at the University of Montana [van Gerpen, 2008]: 
  

 
 
Figure 7.3  Budget installed cost estimates for different capacities and feed stocks  for 
biodiesel production in the U.S. in 2008 
 
If the information in the above chart is compared to those also quoted for year 2008 provided 
by Mitchell, it is not a straight line relationship between capacity and cost but the figures are 
comparable [Dunford, 2008] Mitchell includes the tank farm and quotes the following figures 
in Table 7-1: 
 
Table 7-1  Cost/ annual gallon at different design capacities for biodiesel plants 

 
                    Capacity (million US gallons)         Cost/ annual US gallon (US$) 
 
                     1 – 5                                              1,75 – 1,25 
                    10 -15                                             1,00 – 0,75 
                    30 – 90                                           0,75 – 0,50 
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It has been shown that for biodiesel production plants with a capacity of more than 40 000 
tonnes/year and a tank farm comprising a substantial component of the capital cost, the 
capacity/cost relationship trends to a linear relationship [Apostolakou, 2009]. 

7.3.1 Equipment lists for biodiesel plants- different process routes 

 
A list of equipment needed for a proposed process plant is one of the source documents in 
an estimate to arrive at the capital costs. This list follows from flow sheet work and other 
inputs such as mass and energy balances and design calculations to determine the scope of 
the project and hence the projected costs. Differences between initial estimates and project 
costs are usually traceable to sizable omissions of equipment, services or auxiliary facilities 
rather than to errors in pricing [Perry, 1963]. 
 
For the flow sheets presented in Chapter 6 of this dissertation, codes were used to identify 
the items of equipment and other data required for use in shortcut equipment design 
methods. Guides are available in references on chemical engineering process designs and 
from lectures and course work in process designs [ChBE 4505/25, 2006]. 

7.3.1.1  Equipment summary for 40 000 tonnes per year alkali catalysed biodiesel plant 

 
Below an equipment list is produced for a biodiesel plant with a capacity of 40 000 tonnes 
per year based on the alkali catalyst (HACA) process route, for which the flow sheet was 
developed in section 6.6. It is reported that the average biodiesel production capacity is 
about 40 000 tonnes/year, thus if work is done on this capacity, it can be considered 
representative [Apostolakou, 2009]. Also, on cost considerations, 2 500 kL site erected tanks 
are more viable for feed stock and product storage and were evaluated in the cost estimates 
in section 7.3.3. In the equipment list in Table 7-2,  for the items of equipment capacities and 
sizes were calculated from the mass balance computed and presented in Appendix B. 
 
Table 7-2 Equipment list for a 40 000 tonnes/year HACA biodiesel plant 
 
Item No. Description     Details and Comments 
 
A – 1    Demineralised Water Package Plant 8 300 kg/hr, include boiler feed  
A – 2     Superheated steam boiler    6 200 kg/hr 
A – 3    Water vapour collector   5 kg/hr 
A – 4       Vacuum system    300 kg/hr, 5 mm Hg (refining and flash) 
A – 5       Instrument air compressor   50 – 100 Nm³/hr; independent of  
       plant size. 
A – 6       Fire water system       25 l/m² of plant surface/minute 
A – 7       Fire extinguisher foam system   For process building 25 x 15 m. 
A – 8       Nitrogen blanket system    5 Nm³/hr; 5-6 barg, 99%. 
A – 9       Electrical equipment    As per power schedule. 
A – 10       Instrumentation     As per specifications. 
A – 11     Cooling water tower    125 m³/hr  
A – 12    Weighbridge and loading facilities  5 station tanker bay loading. 
 
CA – 1     Catalyst feed filter and tank   Package + filter (1 000 kg/hr) 
 
D – 1      Methanol distillation column   0,5 m³/hr, SS316 or CS 
D – 2      Glycerol/ water distillation column   1 m³/hr; alternative to decanter 
 
E – 01    Crude oil heat exchanger 24/25   20-70˚C; 5 000 kg/hr; 1,2m² 
E – 02    Refined oil vacuum tank HE 32/36   70-90˚C; 4 740 kg/hr oil, 1,2m² 
E – 03    Biodiesel wash column HE 46/47    20-70˚C; 4 804 kg/hr FAME  
E – 04    Biodiesel vac. drier HE 53/54    60-95˚C; 4680 kg/hr 
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E – 05    Soft water heater HE 13a/48   20-70˚C; 920 kg/hr water. 
E – 06    Glycerol water HE 59/60    20-64,5˚C; 2 124 kg/hr glycerol  E – 07    
E – 07   Methanol condenser                With distillation  col. package 
E – 08    Methanol reboiler     With distillation col. package 
E – 09    Glycerol/water condenser    In package 
E – 10    Glycerol/water reboiler    In package 
E – 11    Vacuum cooler 
 
F – 00    Animal fat storage tank with heater   2 x 500 kl, L=14m; D=7m, flat   
                                                                                   bottom, SS 316, heater. 
F – 01    Vegetable oil feed tanks    6 x 500 kl, conical roof, nitrogen  
                  blanket, heaters, SS316. 
F – 02    Fresh methanol storage tank   500 kl, D=7 m, L=14 m, conical  
                  top & bottom on legs, SS 316. 
F – 03   NaOH bin with conveyors    50 kg/hr + conveyors 
F – 04   Soft water storage tank    10 kl, D= 1.5 m, L=5 m. 
F – 05   Phosphoric acid storage tank   200 l, (5 kg/hr) 
F – 06   Gums storage tank     10 kl. 
F – 07   Soap stock storage tank    10 kl. 
F – 08   Refined oil storage tank    D= 3 m, L=3 m, heater coil, on 
       legs, capacity 21 kl. 
F – 09  Raw glycerol and water storage tank  10 kl. 
F – 10  Unneutralised glycerol storage tank   5 000 l,D=1,3 m; L=1,8 m. 
F – 11  Biodiesel storage tanks    6 x 500 kl. 
F – 12  Glycerol/water storage tank   500 kl. 
F – 13  Methanol product storage tank   500 kl. 
F – 14  Glycerol storage tank    450 kl, D=7 m, L=11 m. 
F – 15  Waste water storage tank    10 kl, D=1,5 m, L=5 m. 
F – 16  HCl storage tank     10 kl, select material. 
F – 17  Off spec. product storage tank  21 kl. 
 
FSP-1 Methanol flow splitter     1 000 kg/hr. 
FSP-2 Methanol +NaOH reactor feed splitter  1 000 kg/hr. 
 
H – 1   Biodiesel wash column    Packed column, dished ends, 
       D=1 m, L=4 m. 
H – 2  Glycerol alcohol stripper    As for H – 1. 
 
HC-O Animal fat/water splitter    Centrifuge. 
HC-1  Gums oil centrifuge/decanter    5 080 kg/hr; oil 4 876 kg/hr. 
HC-2  Soapstock centrifuge/decanter   5 752 kg/hr; oil 4 740 kg/hr. 
 
HD-1   Gums decanter     203 kg/hr; 75 kg/hr water, 128 
                  kg/hr gums + triglycerides. 
HD-2  FAME/ glycerol centrifuge/decanter   5 802 kg/hr; 4 986 kg/hr FAME. 
HD-3  FAME/glycerol centrifuge/decanter   5 061 kg/hr; 4 804 kg/hr FAME. 
HD-4  Biodiesel/glycerol water decanter   4 768 kg/hr; 4 680 kg/hr FAME. 
HD-5  Glycerol/water decanter    780 kg/hr; 265 kg/hr water with  
       NaCl. (Alternate to dist. column.) 
 
L-1/2     Methanol delivery pump (0,76kW)   Rotary vane 20 m³/hr; T=ambient 
L-4/5     Methanol circulating pump    Rotary vane 1 m³/hr; T=ambient 
L-22      Crude vegetable oil delivery pump   Int. gear 40 m³/hr; T=ambient 
L-23/24 Crude vegetable oil feed pump   Int.gear 6 m³/hr; T= 30-40 ˚C 
L-29      Water/phospholipids (gums) pump   Int.gear 0,25 m³/hr; T=30 ˚C 
L-30      Gums/water disposal pump    Int. gear 6,0 m³/hr; T=ambient 
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L-21      Phosphoric acid/water metering pump  Ext. gear 0,25 m³/hr; T=ambient 
L-16/17 NaOH soapstock neutralisation pump  Ext. gear 0,075 m³/hr; T=ambient 
L-9/10   Methoxide (NaOH/methanol) feed pump  Ext. gear 0,7 m³/hr; T=ambient 
L-33/34 Soapstock discharge pump    Int. gear 1,0 m³/hr; T=ambient 
L-32      Vegetable oil vacuum drier feed pump  Int. gear 6,0 m³/hr; T=30-40˚C 
L-35      Soapstock tank farm pump    Int. gear 6,0 m³hr; T=ambient 
L-37      Refined oil pump     Int. gear 6,0 m³/hr; T=80-90˚C 
L-39      Reactor feed pump     Int. gear 6,0 m³/hr; T= 65˚C 
L-41/42 Glycerol/water phase decanter pump  Rot. Vane 1,1 m³/hr; T=60˚C 
L-46/47 Glycerol/water phase 2nd decanter pump     Rot. Vane 1,1 m³/hr; T=60˚C 
L-44      First reactor product pump    Int. gear 6,5 m³/hr; T=60˚C 
L-45      Second reactor product pump   Int. gear 5,6 m³/hr; T=60˚C 
L-17      Soft water circulation pump    Rot. Vane 2,0 m³/hr; T=ambient 
L-14      Brine pump for FFA neutralisation   Ext. gear 0,12 m³/hr; T=ambient 
L-52      Raw glycerol pump     Rot.vane 2,2 m³/hr; T= 40-60˚C 
L-53      Biodiesel feed pump (to vacuum drier)  Rot. Vane 5,2 m³/hr; T =40-60˚C 
L-56      Biodiesel discharge pump    Int. gear 5,2 m³/hr; T=80˚C 
L-57/58 Biodiesel storage tank delivery pump  Int. gear 40 m³/hr; T=ambient 
L- 59     Raw glycerol delivery pump    Rot. Vane 2.2m³/hr; T=40-60˚C 
L-62/75 Glycerol stripper meth./water pump   Rot. Vane 1,8 m³/hr; T=65˚C 
L-63      Glycerol/water stripper bottoms pump  Rot.vane 0,5 m³/hr; T=80˚C 
L-65/66 30% HCl soln. pump     Ext. gear 0,3 m³/hr; T=ambient 
L-64      Glycerol bottoms pump    Rot. Vane 0,5 m³/hr; T=40-60˚C 
L-68      Glycerol water decanter feed pump   Rot. Vane 0,5 m³/hr; T=40-60˚C 
L-70      NaCl/water product pump    Rot. Vane 0,3 m³/hr; T=ambient 
L-69      Glycerol product pump    Rot. Vane 0,5 m³/hr; T=ambient 
L-73/74 Glycerol tank discharge pump   Rot.vane 20 m³/hr; T=ambient 
 
 
M-01  Soft water NaOH mixer    1 000 kg/hr. 
M-02  Methanol NaOH mixer     1 000 kg/hr 
M-03  Oil/phosphoric acid/water mixer    5 100 kg/hr. 
M-04  Oil/soapstock NaOH mixer    5 100 kg/hr. 
M-05  Glycerol/HCl neutraliser mixer   1 000 kg/hr. 
M-06  HCl mixer       2 000 kg/hr. 
 
R-01  Transesterification reactor 1    CSTR with impeller, D=1,5 m, L=4,65 m 
R-02  Transesterification reactor 2    CSTR with impeller, D=1,5m, L=4,65 m. 
 
V – 1  Refined oil vacuum drier    Dished ends, D=1 m, L=4 m. 
V – 2  Biodiesel vacuum drier    As for V – 1.   
 

7.3.1.2 Equipment list for an enzyme catalyst biodiesel plant. 

 
In section 6.6 a flow sheet was developed for the enzyme catalysed alcoholysis of feed 
stocks for biodiesel production. From the information developed in the flow sheet, it was 
found that the items of equipment could be listed together with the items of equipment for the 
HACA and SCA process routes and these presented in Appendix B. Table 7-5 lists the items 
of equipment for the ECA process route. Compared to the HACA process route, additional 
equipment is introduced with the packed column reactors, the co-solvent and the enzyme 
regeneration with acetone. 
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Table 7-3 Equipment list for a 40 000 tonnes/year ECA biodiesel plant 
 
A-01 Demineralised water package. 
A-02 Superheated steam boiler. 
A-03 Water vapour collector. 
A-04 Vacuum system. 
A-05 Instrument air compressor. 
A-06 Fire water system. 
A-07 Fire foam extinguisher system. 
A-08 Nitrogen blanket system. 
A-09 Electrical Equipment. 
A-10 Instrumentation. 
A-11 Cooling tower. 
A-12 Vegetable oil processing plant. 
A-13 --- 
A-14 Weighbridge. 
 
D-01 Methanol/water flash drum. 
D-02 Hexane flash drum. 
D-03 Biodiesel distillation column. 
 
E-01 Crude oil heat exchanger. 
E-02 Refined oil heat exchanger. 
E-03 Circulating water heat exchanger 1. 
E-04 Circulating water heat exchanger 2. 
E-05 Circulating water heat exchanger 3. 
E-06 Circulating water heat exchanger 4. 
E-07 Flash drum feed heat exchanger. 
E-08 Acetone return flash drum heat exchanger. 
E-09 Glycerol water stripper heat exchanger. 
E-10 Methanol water flash drum heat exchanger. 
 
F-00 Animal fat/WCO tank with heater. 
F-01 Vegetable oil feed tank. 
F-02 Methanol tank farm storage tank. 
F-03 Methanol hold tank. 
F-04 Soft water storage tank. 
F-05 Phosphoric acid storage tank. 
F-06 Gums storage tank. 
F-07 Gums waste storage tank. 
F-08 Hot oil storage tank. 
F-09 Raw glycerol storage tank. 
F-10 Unreacted oil tank. 
F-11 Biodiesel storage tank. 
F-12 Condensed methanol storage tank. 
F-13 Methanol/hexane product tank. 
F-14 Glycerol storage tank. 
F-15 Glycerol waterproduct storage tank.  
F-16 Plant water tank. 
F-17 Hexane storage tank. 
F-18 Acetone return tank. 
F-19 Acetone holding tank. 
F-20 Acetone storage tank. 
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H-01 Biodiesel wash column. 
H-02 Glycerol/alcohol stripper. 
 
HC-01 Gums oil centrifuge. 
HC-02 Gums centrifuge 2. 
 
HD-01 Reactor 1 decanter. 
HD-02 Reactor 2 decanter. 
HD-03 Reactor 3 decanter. 
HD-04 Reactor 4 decanter. 
 
L-01 WCO/FA Oil feed pump. 
L-02 Crude vegetable oil delivery pump. 
L-07 Soft water circulation pump. 
L-11 Plant water circulation pump. 
L-111 Phosphoric acid delivery pump. 
L-20 Phosphoric acid metering pump. 
L-18 Hexane delivery pump. 
L-23 Crude oil feed pump. 
L-40 Methanol tank delivery pump. 
L-39 Methanol off loading pump. 
L-42 Methanol feed pump. 
L-45 Methanol tank discharge pump. 
L-50 First decanter oil phase discharge pump. 
L-56 Second decanter oil phase discharge pump. 
L-62 Third decanter oil phase discharge pump. 
L-68 Fourth decanter oil phase discharge pump. 
L-72 Flash drum hot oil discharge pump.  
L-27 Hot oil feed pump. 
L-37 Hot oil delivery pump to reactors. 
L-31 Gums water discharge pump. 
L-32 Gums tank feed pump. 
L-35 Gums tank discharge pump. 
L-91 Raw glycerol pump.  
L-93 Raw glycerol stripper feed pump. 
L-107 Glycerol product pump. 
L-109 Glycerol tank discharge pump. 
L-96 Water pump to flash drum. 
L-99 Flash drum tops pump (methanol). 
L-103 Flash drum bottoms pump to tank. 
L-105. Water delivery pump from tank. 
L101 Methanol from tank pump. 
L-85 Methanol/Hexane delivery pump. 
L-80 Distillation column bottoms pump. 
L-77 Distillation column tops pump. 
L-78 Biodiesel tank discharge pump. 
L-82 Unreacted oil pump. 
L-113 Acetone tank feed pump. 
L-114 Acetone to storage tank pump. 
L-117 Acetone pump to holding tank. 
L-112 Acetone circulating feed pump. 
L-120 Acetone waste pump. 
 
M-01 Gums mixer. 
M-02 Reactor 1 mixer. 
M-03 Reactor 2 mixer. 
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M-04 Reactor 3 mixer. 
M-05 Reactor 4 mixer. 
M-06 In line hexane/methanol mixer. 
 
R-01 Fixed bed reactor 1. 
R-02 Fixed bed reactor 2. 
R-03 Fixed bed reactor 3. 
R-04 Fixed bed reactor 4. 

7.3.1.3  Equipment list for a 40 000 metric tonnes per year supercritical biodiesel plant 

 
The key to the items of equipment listed in Table 7-4 is found in studying the flow sheet 
developed in this study for a continuous supercritical alcoholysis (SCA) biodiesel production 
facility, some features of this flow sheet having been discussed in section 6.6. As for the 
other two process routes for which flow sheets were developed in this study, it was found 
beneficial to list the items of equipment and compare relevant details in the comprehensive 
priced equipment list presented in Appendix B (11.2.5). 
 
Table 7-4 Equipment list for a 40 000 tonnes/year SCA biodiesel plant  

 
A-01 Demineralised water package. 
A-02 Superheated steam boiler. 
A-03 --- 
A-04 Vacuum system. 
A-05 Instrument air compressor. 
A-06 Fire water system. 
A-07 Fire foam extinguisher system. 
A-08 Nitrogen blanket system. 
A-09 Electrical equipment. 
A-10 Instrumentation. 
A-11 Cooling tower. 
 
BR-1 First reactor back pressure regulator. 
BR-2 Second reactor back pressure regulator. 
 
D-01 Methanol/Hexane/Biodiesel first stage distillation column. 
D-02 Methanol/Hexane/Biodiesel second stage distillation column. 
D-03 Biodiesel unreacted oil distillation column. 
D-04 Water/Glycerol distillation column. 
D-05 Flash drum. 
 
E-01 Oil Instream heat exchanger 
E-02 Methanol heat exchanger. 
E-03 Hexane/Methanol heat exchanger. 
E-04 Reactor feed heat exchanger. 
E-05 First reactor pre-heater. 
E-06 First reactor product cooler. 
E-07 Second reactor oil heat exchanger. 
E-08 Second reactor feed heat exchanger. 
E-09 Second reactor pre-heater. 
E-10 Second reactor product cooler. 
E-11 Biodiesel feed distillation column heat exchanger. 
E-12 Flash drum feed heat exchanger. 
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F-01 Oil storage tanks. 
F-02 Fresh methanol storage tank. 
F-03 Hexane storage tank. 
F-04 Methanol/Hexane storage tank. 
F-05 Biodiesel storage tank. 
F-06 Unreacted oil storage tank. 
F-07 Raw water/glycerol tank. 
F-08 Water product storage tank. 
F-09 Glycerol storage tank. 
 
FSP-01 Methanol flow splitter. 
FSP-02 Hexane flow splitter. 
 
HD-1 First reactor product decanter. 
HD-2 Second reactor product decanter. 
 
M-01 Hexane/Methanol/Hexane in line mixer. 
M-02 Oil/Methanol/Hexane in line mixer for Reactor 1. 
M-03 Oil/methanol/Hexane in line mixer for Reactor 2 
 
(Pumps are numbered as per their inlet lines.) 
 
L-01 Oil delivery pump. 
L-03 Oil tank delivery pump. 
L-08 Demineralised water tank delivery pump. 
L-12 Methanol delivery pump. 
L-14 Methanol tank delivery pump. 
L-19 Hexane delivery pump. 
L-21 Hexane tank delivery pump. 
L-26 First Reactor feed pump. 
L-36 Decanter oil product pump. 
L-39 Second Reactor feed pump. 
L-46 Hexane/methanol distillate pump. 
L-48 Hexane/methanol tank discharge pump. 
L-52 Second decanter oil product pump. 
L-55 Biodiesel distillate pump. 
L-57 Biodiesel tank delivery pump. 
L-59 Biodiesel bottoms pump. 
L-61 Unreacted oil tank discharge pump. 
L-63 First decanter bottoms pump. 
L-65 Second decanter bottoms pump. 
L-69 Flash drum bottoms pump. 
L-71 Glycerol water tank discharge pump. 
L-73 Glycerol distillation tops pump. 
L-74 Glycerol distillation bottoms pump. 
L-76 Water tank discharge pump. 
L-79 Glycerol tank discharge pump. 
L-82 Cooling tower discharge pump. 
 
R-01 First transesterification reactor. 
R-02 Second transesterification reactor. 
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7.3.2 Equipment and services common to the three biodiesel production process 
routes 

 
The equipment lists for the three identified process routes can be systematically compared 
along the lines of the codes or flow sheet letter designations used to list the items for which 
costs need to be estimated as part of the capital cost for the biodiesel facility with a capacity 
of 40 000 tonnes per year. Such a comparison will highlight areas where there is a 
remarkable difference in cost and can also be used to check on the consistency in assuming 
capacities and throughputs for the plant. In the following paragraphs the findings will be 
discussed using the letter designations to group items of equipment. 
 
As a first pass, it was found that the equipment list for the alkali-catalyst (HACA) plant 
counted to 99 items, as opposed to 107 items for the enzyme-catalyst (ECA) plant and 73 
items for the supercritical (SCA) plant respectively. If these equipment lists are compared to 
the equipment summaries presented in other studies [Haas, 2006; Tapasvi, 2005], both 
studies showing significantly less items of equipment, the study from Haas uses refined oil 
as feed stock and the study by Tapasvi does not show pumps or the tank farm. In  section 
7.5 in this chapter some other feasibility studies are examined and it is clear that the battery 
limits for each study needs to be known to enable meaningful comparisons. 

7.3.2.1  General items, auxiliary facilities, packages and common plant. (Code A) 

 
Invariably research papers focused on items of equipment related with the process and 
where estimates were done, factors as earlier discussed in this section, were used for 
piping, mechanical erection and costs associated with common plant, electrical equipment, 
control and instrumentation. Also process contractors will provide requirements for utilities 
and services and leave the detail to main contractors as many times the plant will be built in 
an industrial area or brownfields site. If the items identified under code A are not considered, 
this can lead to considerable inaccuracies in the total estimate, as the plant considered in 
this dissertation comprises relatively few items of process equipment. The items identified 
under code A are generally referred to as ‘balance of plant’ equipment as opposed to 
equipment associated with the process. 
 
The auxiliary equipment are similar for all three process routes and the sizes and capacities 
are mostly determined by throughput, or the area (footprint) of the plant and are relatively 
independent of the process route chosen. A five station tanker bay loading facility is not 
shown on the supercritical process flow sheet and is added for price comparison purposes, 
as will be an immobilised enzyme handling plant in the case of the enzyme-catalysed plant.  

7.3.2.2 Specialised items such as gas-solid contacting  equipment. (Code B) 

 
As expected, only in the supercritical plant back pressure regulators are found. A budget 
quotation was obtained from Schubert & Salzer Control Systems GmbH for the flows, 
pressures and temperatures and calculations indicated that for inlet pressures of 100 barg 
(10 MPa), outlet pressures of 0,5 barg are achievable with their DN 25 control valve with 
diaphragm 8021/24/26 digital actuators [Cowan, 2011]. 

7.3.2.3 Filters and related equipment.(Code C) 

 
A filter was picked up in the alkali-catalyst plant; however it is likely that for all three plants 
filters could be needed to remove particulate matter. A budget quotation was obtained on 
inline filters for the capacities in the mass balance. 
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7.3.2.4 Distillation columns, process vessels and flash drums. (Code D) 

 
Two to four distillation columns may be used, depending on the process route followed. 
Using American process technology, purification of biodiesel is done without biodiesel 
distillation as the tops product in the alkali-catalyst process, however a substantial amount of 
water is used for washing. Invariably methanol is recovered through distillation, also the 
second column is used for glycerol purification. In the enzyme and supercritical processes,  
high purity glycerine is obtained and distillation is not necessary, except if water is also 
present, but the introduction and recovery of hexane requires distillation equipment. Flash 
drums are present in the enzyme route and the supercritical route, in the former case 
because a stoichiometric amount of methanol is used and theoretically all the methanol 
present should react with the triglyceride.  
 
In estimating costs of distillation columns, the main items of equipment will be the column, 
the overhead condenser, the distillate receiver or accumulator, the reboiler and the transfer 
pumps. If distillation occurs under vacuum, a vacuum pump has to be allowed for as well 
[Costello, 2010]. From information studied on a costing for the three main distillation 
columns, namely methanol separation, biodiesel and glycerol purification, in terms of prices 
the ratios of column to condenser to reboiler to receiver was calculated to be 4:2:1:1, based 
on some information generated in a recent study [Zatkoff, 2010]. Secondly, for distillation 
columns there is a trade-off between energy costs and reflux ratio, the latter being a variable 
in the capital cost of the column. If the reflux is increased, a taller column is needed 
[Costello, 2010]. For rigorous calculations, the reflux ratio and feed stage can be calculated 
and information is available in the literature to optimise between capital- and operating costs 
[Lek, 2004]. 
 
In a very useful study, cost estimates for distillation towers and trays, column platforms and 
ladders are given [Mulet, 1981]. Firstly, the weight of the tower allowing for tallness, wind 
velocity and corrosion factors is calculated.  Secondly, costs per tray are calculated. Thirdly, 
the costs of ladders and platforms are calculated and in all cases variables such as materials 
of construction, type of tray, design pressures for a wide range of lengths and diameters 
were taken into account and compared to the cost of 200 towers in commercial use at the 
time. For the distillation columns specified in this study, it was found that the total cost per 
tower could be estimated based on the column weight and the ratio of 2:1:1 for the tower to 
trays to platforms and ladders. The tower weights were compared to those calculated by the 
GEAGroup who provided budget estimates and variances of less than 5% were found 
[Olivier, 2011].    

7.3.2.5 Heat exchangers and heat transfer equipment. (Code E) 

 
Shown under auxiliary equipment, for all three process routes a boiler and a cooling tower 
are needed. Secondly, some heat transfer equipment will form part of the distillation unit 
processes. Thirdly, heat transfer equipment will be associated with the temperature of the 
reaction and in the supercritical case higher duties will be required. Overall there is not a 
remarkable difference in the number of heat exchangers required. 

7.3.2.6 Storage tanks and vessels. (Code F) 

 
At least two authors identified that storage requirements for a biodiesel plant is a substantial 
cost item, also it is more related to the throughput rather than the process route used. If the 
three equipment lists are compared and allowance is made for tanks not listed on the flow 
sheets, 21 tanks are needed in the alkali-catalysed case, 23 tanks in the enzyme case and 
17 tanks in the supercritical case. Large tanks, either 500 m³ or site erected 2 500 m³ or 3 
000 m³ will vary in quantity between 6 and 9 tanks, depending on the process route selected. 
The remaining tanks in the plant will have capacities between 5 m³ and 50 m³ with at least 6 
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tanks with a capacity of 10 kl. In determining the capacities of the methanol tanks for the 
various process routes, as the molar ratio of methanol to oil changes from 6:1 to 42:1, the 
quantity of methanol needed, changes from 670 kg/hr to 4 200 kg/hr. A volume of 650 l/hr 
represents 30 days storage in a 500 kl tank, at a molar ratio of 24:1 ninety four hours and at 
42:1 fifty hours. As the latter requirement will only be as an initial fill, assuming 500 kl for the 
methanol tank is reasonable. For acetone, the tank capacity required is determined by the 
time allowed for back washing, which could be one hour or equivalent to the reactor column 
capacity, suggesting an acetone capacity of 50 m³. 
 
  Except for hexane storage, the large tanks in Table 7-5 are common to all three process 
routes and are also compared in terms of capacity with the tanks identified in a number of 
studies as well as the tanks in operating plants. Table 7-5 can only be used to indicate the 
reasonableness of the tank capacities assumed in this research, as for example, 
comparatively small volumes appear for methanol tank capacities in Germany. This may be 
due to freely available methanol ordered on short notice. Such assumption may also have 
been made for U.S. plants [Haas, 2006]. Secondly, considering feed stock, the Ebeleben 
plant could be an integrated oil processing/biodiesel production facility. It should be noted 
however, that the following references are or were operating plants : Riksch 
[Maascompanies, 2011]; Caparroso, Spain [Méndez, 2006]; Ebeleben [EPC Group, 2010]; 
Neubrandenburg [EPC Group, 2010]; Niederkassel [Lurgi, 2006]; Malchin [EPC Group, 
2010]. It is also reasonable to assume that conditions around the supply and storage of feed 
stock, reagents and products are comparable for Greece (Apostolakou); Australia (HLA – 
Wagga-Wagga) [HLA-Envirosciences, 2007]; and this research. As the tanks comprise a 
major factor in costs estimates, it was considered prudent to relate the capacities to those 
found in the mentioned facilities and studies. 
 
Table 7-5  Tank capacities for products at various biodiesel plants 
 
Reference/                  Process  Plant throughput               Product: Tank volume (m³) 
Location                      route        (tonnes/year)        Feed stock   Methanol  Biodiesel Glycerol 
 -------------------------------------------------------------------------------------------------------------------------- 
Riksch, Iowa                 Alkali        30 685                  681                227          681          158 
(Maas, 2011)                     (9 MMGY) 
 
Haas, 2006                  Alkali        33 300                2 834               21,44     2 920           6,75 
                                          (10 MMGY) 
          
Méndez, 2006 (Spain)  Alkali        35 000                6 000               200        4 500          300 
 
Malchin (Germany)      Alkali        37 500                2 100               150        7 600           100 
 
Neubrandenburg          Alkali        40 000                  550                150        2 300           100 
 
This research              Alkali         40 000                2 500               500        2 500            500 
 
This research              Enzyme    40 000                2 500                500        2 500            500 
 
This research      Supercritical     40 000                2 500                500        2 500            500 
 
Apostolakou, 2009       Alkali       50 000                5 515              1 350       5 635            676   
 
HLA- Wagga-Wagga Alkali         66 000                 3 000               350        4 110            150 
 
Ebeleben (Germany)    Alkali    100 000                  600                150        4 000            450 
 
Niederkassel                Alkali      100 000                3 500              150        2 000            250                               
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7.3.2.7 Separation columns, splitters and decanters. (Code H) 

 
In comparing the number of distillation columns associated with the different process routes, 
the approach followed in North America seems to favour the use of strippers and wash 
columns for glycerol purification and biodiesel respectively. These items are only used in the 
alkali-based process route. It could be useful to investigate whether the preferred choice 
would not be to use distillation only. If the number of splitters, decanters or centrifuges 
selected are compared for the different process routes, gums separation are common to the 
alkali-catalysed and enzyme catalysed routes and throughputs are similar. The removal of 
soapstock requires an additional item of equipment in the alkali-catalysed case. As in both 
the enzyme catalysed route and the supercritical route, although in the latter case only two 
items of equipment are identified in this category, the introduction of hexane as a co-solvent 
means that the capacities required in both cases will be higher than in the alkali-catalysed 
case, with a possible consequent effect in terms of costs. 

7.3.2.8 Pumps. (Code L) 

 
As for the tanks discussed earlier, a comparison between the three different process routes 
indicated that it may be advisable to cater for 43 pumps in the alkali-catalysed case, 55 
pumps in the enzyme catalysed case and 36 pumps in the supercritical case respectively. In 
the case of the supercritical process route, pressure requirements mean that positive 
displacement pumps need to be used, otherwise pump sizes are dictated by throughput and 
transfer duty, rather than product characteristics. More metering pumps are required in the 
alkali-catalysed case.  

7.3.2.9 Mixers. (Code M) 

 
In comparing the number of mixers used in the three cases, a similar position is observed as 
in the case of the splitters and decanters. Again the introduction of hexane as a co-solvent 
has an effect on the capacity considerations. Conventionally, mixers with agitators are used 
and these are selected and priced where a solid like NaOH is mixed with a liquid like water 
or methanol. There are other options available when liquids are mixed as for example 
homogenisers, which can be used as reactors as well [IKA, 2007]. Static mixers can be 
positioned in pipe lines and can incorporate heating jackets where there is not a large 
temperature differential, as is the case for reactants going to the packed columns in the 
enzymatic process route. A budget quotation for Statiflo static mixers was obtained for 
various duties and for lines with 5 bar pressure, calculations indicated pressure drops 
between 0,03 and 0,14 bar. The stainless steel inline mixers have injector points and STS 
mixing elements; the weights of mixers varying from 2 kg to 10 kg, with a maximum 
coefficient of variation of 0,05 at the mixer discharge [Horrill, 2011].  

7.3.2.10 Reactors. (Code R) 

 
Considering the supercritical process route, from an engineering viewpoint, it is possible to 
use Continuously Stirred Tank Reactors (CSTRs) despite the pressures required, but it is 
probably more cost effective to use tubular reactors as will be examined in  section 7.3.3 and 
Appendix B. In the enzyme-catalysed case, it is suggested that the preferred reactor is a 
packed column. Furthermore, the residence time needed for the reaction and the limitations 
with regard to methanol poisoning of the catalyst, dictate the use of more reactors. 

7.3.2.11 Vacuum driers, evaporators and vaporizers. (Code V) 

 
Only in the alkali-catalysed case, two items of equipment are needed. 
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7.3.3 Cost estimates for major equipment items and process areas for a biodiesel 
production plant 

 
In Appendix B in this dissertation preliminary specification sheets and calculations are given 
for the major items of equipment identified for the different biodiesel production process 
routes. Going on enquiry, discussing the plants with contractors and suppliers, doing 
searches on cost information and using studies and estimates available, some useful 
information to enable the compilation of an estimate presented later in this chapter is 
presented in this section. The methodology followed in this section is to focus on what is 
perceived to be the most costly equipment based on work done by Haas and Apostolakou. 
 

7.3.3.1 Storage tanks 

 
As the most costly equipment in a biodiesel plant are the storage tanks and stainless steel 
tanks offer advantages in terms of salvage value, corrosion resistance and maintenance, it is 
useful to consider Duplex stainless steels as a cost effective alternative to conventional 
austentic stainless steels such as 316L and 304L [Dewar, 2010]. Stainless Steel Fabricators, 
Chamdor, South Africa, did estimates based on the specifications developed in Appendix B 
and provided budget offers based on Duplex 2001 [Boshoff, 2010]. These offers exclude 
design and drawing costs, earth works, civils costs, ladders, platforms and handrailing and 
third party costs in general. 
 
Based on the preliminary specifications presented in Appendix B of this dissertation, the 
budgeted costs for both horizontal vessels, packed column reactor tanks without internals for 
the enzymatic process route and the large storage tanks, including delivery or site erection 
(excluding VAT) quoted by Stainless Steel Fabricators can be summarised, as is done in 
Table 7-6: 
 
Table 7-6  Budget quotation unit costs for vessels and tanks – end 2010 
 
Tank/vessel                  Dimensions                    Estimated cost           Unit cost 
 Volume (m³)                      (mm)                                (R)                         (R/m³) 
 
       10,39           2100 φ X 3000 H X 10 thick     462 830                      44 545 
       20,128         2500 φ X 4100 H X 10 thick     624 930                      31 047 
       50,19           3000 φ X 7100 H X 12 thick     978 830                      19 485 
      129,31          4350 φ X 8700 H X  8 thick    1 665 580                     12 880 
      502,72          8000 φ X 10000 H X 8 thick   2 283 300                       4 542 
  2 474,32         15000 φ X 14000 H X 8 thick   5 087 290                       2 056    
 

 
If the budget costs received are studied, it is reasonable to assume a cost of R23 500/m³ for 
a tank with a nominal capacity of 30 m³; diameter 3 m; length 4,5 m and plate thickness 10 
mm. 
 
Using the factors mentioned to update the INTEG price list [INTEG, 2009] and the costs 
formulae in the  study done in Greece [Apostolakou, 2009], for some vessels and tanks 
where information was available, the comparison in Table 7-7 comes  about. Very useful 
price lists to compile budget costs for storage tanks and pressure vessels are available from 
a U.K. company, MC-Integ Ltd. [INTEG, 2009]. Formulae were also developed for storage 
tanks costs for a 50 000 tonnes/year plant in Greece. The base costs in both these cases 
were done in 2006/7, thus an escalation factor of 1,5 is applicable and for the purposes of 
tank costs comparisons, exchange rates of GPS(₤)1=R11 and US$1=R7, respectively. In the 
Greek study, different formulae were used for costs for tanks >2 000 m³ (250000+94.2V) and 
tanks <2 000 m³ (65000+158.7V). [Apostolakou, 2009]    
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Table 7-7  Comparison in unit costs for vessels and tanks sourced in different 
countries 
 
Tank volume  Stainless Fabricators (R/m³)   Greek study (R/m³)   UK Price list (R/m³)  
                       [Boshoff, 2010]                       [Apostolakou, 2009]  [INTEG, 2009] 
 
2 474 m³         2 056                                      2 050                        1 885 
   500 m³         4 542                                      3 031                        3 016 
     50 m³       19 485 (12 mm)                          -                            10 817 (5 mm) 
10,39 m³       44 545                                        -                                  -  
 8,53 m³           -                                              -                             44 365 (as per spec.) 
 8,53 m³            -                                              -                            20 310 (tank only) 
11,68 m³          -                                               -                            36 264 (as per spec.) 
11,68 m³          -                                               -                            18 491 (tank only) 
 

Even if the power factor rule is used, the South African budget cost for the 500 m³ tank will 
not approach the other two costs; the costs being R3 891/m³ (0,6) and R 3 536/m³ (0,66). 
Secondly, it has to be assumed that costs for the vessels include all the fittings, manholes, 
saddles and railing.  
 
The cost for structural appurtenances can be assumed to be about 4-5% of the tank cost for 
tanks fabricated on site [Barrow, 2009]. To these costs should be added a tank design fee 
and other costs such as radiography, so as to produce an add-on percentage of 6,22% to 
the tank cost, tested and handed over for operation.  
 
It is possible that estimates for earthworks and civils are included in the factors mentioned in 
some of the studies available in the literature, the more likely position is that researchers are 
not aware of what could be significant costs. The factual position is that allowance has to be 
made for the heavy loads per unit area imposed by huge storage tanks and for bund walls, 
drainage and roads. From two quotes obtained when tanks and associated work were done 
for open cycle gas turbine plant in Atlantis, Western Province and Mossel Bay, South Africa, 
some figures were calculated to be used for this study. It has to be assumed that levelled 
and terrace sites are available for the tank farms, the associated costs being shown in a 
further paragraph. 
 
For two 2 700 m³ fuel tanks and one water tank at each site the average civils cost/m² in end 
2005 prices amounted to R6 094/m². To this price a design fee of 7,5% and insurance, 
preliminaries and general costs need to be added, as well escalation, while project 
management will be shown for the overall project. If a cost of R1 523,50/m² is allowed to 
represent these costs, the percentage increase amounts to 25% and it means that the ‘civils’ 
cost will be R7 617,50/m² of cross sectional area of tank. This figure will include the area 
inside the bund walls and all other cost in the tank farm. For holding tanks inside the process 
building, costs for bund walls and foundations are not estimated separately. 
 
Itemised estimated equipment costs for all the selected process routes are provided in 
Appendix B to this dissertation. However, the methodology used for the calculations for 
tanks and vessel costs is illustrated below for the large cylindrical, flat bottom tanks on 
concrete bases, designed in line with the specifications presented in Appendix B. In the price 
lists from INTEG, thinner shells are given, which presents a lower empty mass and can 
explain the lower cost per item. Secondly, if the tank has a flat bottom and is not supported 
on two saddles as in the horizontal case, the shell thickness can be reduced by a factor of 2. 
The empty mass of the tank is lower and the cost will be  reduced by about R10 000/m³ in 
the case of a 50 m³ tank. This can be seen from studying another estimation method where 
the cost of material represents 47% of the cost of the installed tank excluding civils and VAT, 
with another 47% allowed for erection costs and 6% for design, inspection and testing 
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[Intens, 2005]. Table 7-8 then represents a summary of the costs per tank for the three main 
capacities for tanks for all three process routes, which can be carried forward to the 
estimates.  
 
Table 7-8  Installed costs of flat bottomed storage tanks of different capacities 
 
Capacity of tank (nominal volume - m³)                         2 500               500             50 
 Dimensions  
     - diameter (m)                                                                15                   8               4 
     - height (m)                                                                    14                 10               4  
     - shell thickness (mm)                                                     8               8(6)               5 
Mass of empty tank (tonnes)                                           57,1              16,7             3,3 
Unit cost of fabrication and erection (R/m³)                   2 000            4 500       10 800 
Cost – fabrication/erection (R 000)                                5 000            2 250            540     
Costs – design, fittings, inspection @ 6,22% (R 000)      311               140               34 
Cross sectional area of tank (m²)                                     176                 50            12,5 
Cost of concrete works @ R7 617,50/m² (R 000)         1 341                381              95 
 
Total installed cost (R 000)                                            6 652            2 771            669 
Total installed cost /m³ (R/m³)                                        2 661            5 542       13 380                                               

7.3.3.2 Centrifuges and decanters 

 
In a techno-economic study in Greece for a 50 000 tonnes/year alkaline catalyst base 
biodiesel plant, formulae were developed to determine the costs for centrifuges at different 
throughputs [Apostolakou, 2009]. The relevant information is given in Appendix C, section 
11.3.3.19 of this dissertation. For centrifuges, the formula can be presented as CºFF=KQⁿ 
where n=0.574; Q is the volumetric throughput/hour and K is a constant for the costs of 
centrifuges in Greece at the time of the study. K was calculated to be 28 100. If it is then 
assumed that the same relationships hold for other countries, the constant will change 
depending on factors such commercial and technical issues. If quotations are obtained for 
different throughputs, they can be checked for consistency and a constant developed for a 
particular country. All that then has to be done, is to apply currency conversion rates and 
escalation formulae. 
 
Based on the specifications outlined in Appendix B, a budget quotation was obtained from 
Westfalia Separators for centrifuges with capacities of 5,8 m³/h and 14,5 m³/h [Zeldenrust, 
2009]. The indicative costs supplied were escalated by 10% and a US$ rate of $1=R7,50 
currency conversion applied. If the volumetric throughputs of Apostolakou are used and the 
relationship is for installed cost and not fob cost, the relevant figures are compared with the 
quoted figures in Table 7-9: 
 
Table 7-9  Comparison of calculated and estimated installed costs for centrifuges 
 
 Throughput (m³/h):                         2,8         5,8          7,0          7,2         7,8         14,5 
Description 
Motor (included) –kW                     -              15           -              -            -              30 
Gross wt. –kg                                 -             1 420       -              -            -              3 210 
Shipping volume -m³                       -               4,5         -              -            -              6,5 
Installed costs (M$) -2007           0.052       -             0.087      0.088     0.092            - 
Installed costs (€M) 3/2009           -              0,270       -             -             -              0,400 
Installed costs (1$=0.75€)(M$)      -              0,360      -             -              -              0,533 
Installed costs -10% 3/2011(M$)   -              0,396                                                   0,586 
Estimated costs 3/2011 (Rm)       -               2,97                                                     4,397 
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At the two throughputs where budget quotations were received, namely 5,8 m³ and 14,5 m³, 
noting that the calculated set is based on 2007 costs and the budget quotation costs are in 
March 2009, assuming the budget costs were reasonable, there is a remarkable difference 
which leads to the conclusion that the constant K for South Africa will be 123 000, the 
average of the constants calculated at 5,8 m³/h (131 248) and 14,5 m³/h (114 914). For a 
total installed centrifuge cost, either the installed equipment cost can be adjusted by an 
installation factor of 1,2 as in the case of the study in Greece, or piping, mechanical and 
electrical/instrumentation costs can be estimated from similar installations. 
 
As two prices were received based on the specification shown in Appendix B (11.2.2.4), the 
power rule can be applied to calculate the exponent applicable. This has been found to be 
0,428 compared to 0,67 in the empirical rule. The former factor was used to estimate the 
costs of the smaller centrifuges listed in the summarised equipment lists in Appendix B.                   

7.3.3.3 Reactors 

 
In the alkali-catalysed case the usual reactor is a CSTR but from a specialised supplier, 
Biazzi, a budget quotation was also received for CSTRs to be used  at high pressures and 
temperatures [Landert, 2008]. The 316 L stainless steel CSTRs in this case will have a heat 
exchange surface of 40 m², will be cladded and fitted with a stirrer and magnetic seal. A 
budgeted cost for a 10 m³ reactor is 2,5 Mio Swfrs at a conversion rate of US$ 1= 1,18 
Swfrs. A first pass for a SCA route CSTR will be $2,118 miilion, compared to a reactor 
estimate in Appendix B (11.2.5.3) of R10,38 million for a TPFR ($1,38 million at $1=R7,50) 
 
Stainless Steel Fabricators supplied a budget offer for the reactors to be used in the enzyme 
catalysed route, again on preliminary specifications as given in Appendix B. To the indicative 
price the cost of  Johnson screens fabricated from stainless steel is to be added (120 mesh 
– 0,152 microm at R1 900/m² {June 2011 price}), as well as a cost for a fluidised bed or 
vacuum type removal mechanism for the immobilised resin and the internal supports for the 
screen. Considering these costs, it may be more practical to have a number of smaller 
reactors to accommodate the plant throughput. 
 
For the SCA process route, noting that no commercial plant exists, but that pressures and 
temperatures are not dissimilar to those conditions encountered in the Esterfip-H process or 
the McGyan process, or for that matter in methanol production, tubular reactors were 
considered. For the tube side, design conditions are 10 500 kPa and 325ºC. On the shell 
side thermal oil can be used, allowing a lower design pressure with all the materials in 
contact with process fluids being cladded with stainless steel. This cladding process is done 
by stainless steel being welded on to the particular part. If steam is used on the shell side, 
the design pressure is higher than for thermal oil, say 8 913 kPa. An allowance then would 
not have to be made for equipment to heat the thermal oil. As an alternative, carbon steel 
reactors were priced. The resultant costs were summarised in section 8.4.3. 

7.3.3.4 Pumps 

 
As indicated in the detailed priced equipment list included in Appendix B of this dissertation, 
even if not shown on the flow sheets for the three respective process routes, pumps were 
specified to models as available from Viking Pumps Inc., through their South African agent, L 
and B Pumps. L and B Pumps included for gearboxes, the motors and base plates and in 
fact also determined the speeds at which the motors should be running [van Wyk, 2011]. 
 
 Prices for the positive displacement pumps were sourced from Kerr Pump Corporation and 
local prices were obtained for the motor, starter, gearbox and base plates (R84 000). 
 
On an installed basis, calculations revealed a variance of less than 20% between  the pumps 
as detailed on the comparative equipment list for the lowest pump cost process route, the 
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HACA route, compared to the enzymatic catalyst (ECA) process route. In the case of the 
SCA process route, two positive displacement pumps were allowed for and an estimated 
installed cost of R4 million calculated. As distillation units were treated as package plants, 
the reflux-, reboiler- and condenser pumps were included in those costs, rather than be 
shown with the pump list. 

7.3.3.5 Distillation equipment 

 
For estimates on distillation columns, at least three approaches can be followed. Firstly, local 
process contractors can be requested for quotes and they will in any case go out on enquiry 
to fabricators, having done process designs and equipment specifications. Secondly, 
information available from feasibility studies and market prices can be adapted for the 
specific distillation equipment needed. Thirdly, the column and auxiliary equipment costs can 
be calculated from first principles with the aid of excellent articles on the subject [Mulet, 
1981; Costello, 2010]. The last approach was followed in generating estimates in this study. 
 
There is considerable variation on preferred reflux ratios and even capacities. On a methanol 
modular distillation column offered for purchase in the U.S., the column could be applied with 
a range of 358 -1 076 kg/hr, the price being $380 000 which indicates a local price of R2 850 
000. On the other hand, for methanol distillation columns for different process routes, 
estimates indicated base module costs between $40 000 - $268 000 [Marchetti, 2008]. For a 
carbon steel methanol column for a 10 MMGY plant (33 000 tonnes/year), an estimate was 
$132 000 [Haas, 2006]. This price on a present day basis at R1 213 000 compares with the 
estimate in this study at R1 120 000. In general, using carbon steel in equipment rather than 
stainless steel, will be discussed in the section on sensitivities (section 8.4.3).  

7.3.3.6 Heat exchangers and preheaters 

 
Where in-line heaters were not used together with in-line mixers, enquiries were generated 
for mostly plate heat exchangers and the received budget quotations used. As can be seen 
from the detailed priced equipment list and the estimates, the exception is the equipment 
needed, if the SCA process route is considered. 
 
For the heat exchangers in the SCA process, the shell-side design could be at two different 
pressures, namely 1 050 kPa or 8 913 kPa, depending on the position of the back pressure 
regulators. Secondly, biodiesel from the reactors can be used as the shell side heat transfer 
fluid, alternatively steam. Thirdly, the shell side materials of  construction could be carbon 
steel grade 70 or stainless steel, grade 304L. For the tube side and all surfaces exposed to 
biodiesel, cladded carbon steel could be used. All the conditions were priced and a floating 
head modular heat exchanger was chosen, having a SS 304L shell at 1 050 kPa with 
biodiesel as the shell side fluid. The pressure considerations have a remarkable influence on 
the shell thickness and thus the cost of materials. 
 
For the preheaters, the same reasoning was considered, but it was found that with the small 
driving force in temperature for product from the reactors, biodiesel could not be used on the 
shell side. It is possible that thermal oil could be used, which was considered as an 
alternative shell side heat transfer fluid in the reactors, however it turned out that the main 
consideration should be whether carbon steel should be used in preference to stainless 
steel, because of its comparative performance when stress calculations are done. 
 
In the case of the reactors, distillation columns as well as the heat exchangers and 
preheaters, the GEAGroup approached the request for budget quotations as a formal 
enquiry and responded accordingly [Olivier, 2011]. The notes written on a request for a 
quotation are enclosed in Appendix B, section 11.2.4.4. Design criteria and drawings were 
developed, simulations done and programmes ran. The budget prices received included for 
mechanical design, engineering and drawings, material supply, manufacture, assembly, 
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external surface treatment, statutory and third party acceptance. Shop hydro-testing, QA/QC 
plans, and other requirements in accordance with ASMEVIII, DIV.1 2010 and SANS 347 
were allowed for. From the researcher’s point of view, the installation costs were calculated 
on a package plant basis, so as to avoid duplication of estimates.   

7.3.3.7 Balance of plant equipment, piping, wiring, erection and commissioning. 

 
Essentially a biodiesel production facility comprises a process area where a number of unit 
processes take place and storage areas where the feed stock, reagents and products are 
stored. For the throughput used in this project most of the liquids will be stored in tanks. 
Costs for the piping, wiring and equipment not part of the unit processes can be developed 
from first principles or factors used available from text books and research papers of which 
none consulted clearly identified the mix found in this project with flammable liquids, a tank 
farm constituting a major component of the total cost and a relatively small process area, 
compared to a refinery or a pharmaceutical plant. 
 
If the items identified in the section code A of the equipment list are studied, 900 item activity 
schedules were found in a contract where in that case, the tank farm for diesel and water 
had a capacity of 6 400 m³, and provision was made for fire detection and protection, air, 
demineralised water and fuel handling [Boggon, 2006]. Although sums were allowed for 
electrical equipment and instrumentation, a boiler and a cooling tower did not feature, but it 
can be assumed that a supply of nitrogen was allowed for. Prices for these items can be 
added to Table 7-10 produced in this section, to reflect a fairly accurate balance of plant 
estimate. To assess the relevance and comprehensiveness of the activities covered, some 
details are given below. Also the tanks, earthworks, civils, buildings and process equipment 
(gas turbines) were handled as separate contracts. Therefore for the process equipment, 
installation costs have to be provided for. 
 
In using the information found, the question needs to be addressed as to whether cost 
escalation needs to apply. If the CE Plant Cost Index (CEPCI) is studied, there was very little 
escalation within the period from which the activity schedules were compiled to the end of 
2010. Also the presence of imports from in particular China and the world recession, coupled 
to the relatively strong Rand, kept costs down. 
 
Table 7-10  Estimate of balance of plant items for a biodiesel plant 
 
Description of activity                                          Estimated cost (R) 
 
Project management                                            R7 369 064 
Documentation                                                     R1 330 000 
Drawings                                                               R   876 652 
Plant equipment 
     - Oil-, water-, air- and fire equipment             R22 936 363 
     - Electrical                                                      R  1 000 000 
     - Instrumentation                                            R  7 289 729 
     - Boiler                                                            R  2 500 000 
     - Cooling tower                                               R       95 000 
     - Soft water package                                      R       50 000 
Piping                                                                  R14 222 113 
 
Total estimate for Code A items                          R57 668 921 
 
 
The instrumentation cost was arrived at by calculating a present day value on an estimate 
for the preliminary specification featuring in Appendix B. As the Siemens group supplies 
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instrumentation globally and in many cases sourced from Germany, prices in the U.S. are 
comparable with South African prices. Escalation is about 8% per year [Waddicor, 2011].  
 
For the boiler and soft water package, quotes were received from the Dryden Combustion 
Company [Charles, 2011], and Ecotech Hydro, respectively. It is possible to lower the 
estimate for the boiler if a secondhand oil/gas fired unit is sourced from Dryden, noting that 
boilers are tested for safety reasons and will be supplied with inspections up to date. In the 
SCA process, more steam is required and an additional R1 million was allowed in the boiler 
cost to accommodate the increased volume.                      

7.3.3.7.1 Project management, contract administration, guarantees and insurance 

 
The two contracts studied both had an execution period of seven months and included 
contract administration and project control. 

7.3.3.7.2 Documentation 

 
General arrangement and layout of the plant which was used as a reference for the work 
done in this study, was done following design calculations. Erection-, commissioning and 
performance procedures were included as well as construction-, operation and maintenance 
manuals. 

7.3.3.7.3 Drawings 

 
Plant systems schematics, mechanical and electrical drawings were provided. The isometric 
drawings were done for the fuel unloading, forwarding and tank storage, the process area, 
water (potable and demineralised), and compressed air. Power and instrument drawings 
were allowed for as well as all wiring diagrams and tables. Final general plant and 
arrangement drawings were allowed for all areas.  

7.3.3.7.4 Procurement of balance of plant equipment, installation, testing and 
commissioning  

 
All the equipment for fuel transfer, fuel treatment, compressed air, fire protection and 
detection systems including hydrants, fire extinguishers, hoses, foam equipment, 
demineralised and potable water were itemised separately to the piping work and comprised 
42% of the relevant contract sum, including a R1 million allowance for electrical switchgear. 
As said before, the boiler, also on skids, the cooling tower and instrumentation have to be 
added in this section. 

7.3.3.7.5 Piping 

 
The elements making up the complete piping installation for the fuel, water and 
demineralised water, fire systems and compressed air are site establishment (2,5%), 
material receipt (26,0%, pipe fabrication (26,0%), delivery (12,5%), installation (31,0%) and 
commissioning (2,0%). 

7.3.4 Plant layout and plot plan 

 
For a skid mounted continuously operated chemical process plant including feed, 
preparation, reaction, separation, alcohol recovery and product clean up, the foot print areas 
are 40’ x 20’ and 50’ x 20’ for 5 million US gallon per year (MMGY)  and 10 MMGY 
respectively [NextGen Fuel, 2007]. For a 40 000 tonnes per year biodiesel plant (12 MMGY), 
a process area of 20 m x 10 m is in line with the areas mentioned. 
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In another study for a 5 MMGY plant, the land requirement was 5 acres (~2ha) and the area 
for buildings 6 250 ft² (575 m²) [Van Wechel, 2003]. Secondly, for the 10 MMGY Tidewater 
Biodiesel plant being built in the Deep Creek borough in Chesapeake, Virginia during 2011, 
five acres are allowed [Sapp, 2011]. These figures can be compared with a real case, a 9 
MMGY biodiesel plant, the Riksch Biofuels plant located at Crawfordsville, Iowa, that ceased 
production in 2009. The plant was due to be auctioned on April 12, 2011. The factual 
position was that the plant is housed on 13,76 acres, the feedstock and biodiesel storage 
UNI Frame II steel building has an area of 11 200 sq ft {1 041 m²},  (80΄x144΄x30΄); the 
biodiesel process area is 6 400 sq ft {594 m²},  (80΄x76΄x20΄); and the administration building 
has an area of 2 400 sq ft {223 m²} (40΄x60΄x9΄). The storage and loading areas are located 
inside a building. It should be noted that the Riksch plant was completed in 2006 and 
produced biodiesel from March 2007 to ASTM 6751 specifications utilising a process that 
used half the volume of water compared to similar producers [Maascompanies, 2011].  
 
If a biodiesel plant is not part of an integrated oil seeds crushing and conversion facility, it 
will comprise of the process building, the tank storage and dispatch area and the area where 
the administration building is located. If the information available from process contractors 
and numerous studies by consultants are studied, layouts are very similar. Furthermore, in 
Chapter 6 the layout inside the process building was depicted and it can be seen that the 
process building has a fairly small footprint. 
 
If the conceptual layout of an integrated facility depicted in Figure 7.4 is compared with the 
layouts of actual plants such as the 40 000 tonnes/year plant at Neubrandenburg in 
Germany [EPC Group, 2010] or the layout proposed for the Riverina Oils plant at Wagga-
Wagga in Australia [HLA-Envirosciences, 2007], the positioning of the buildings, tank farm 
and loading facilities are remarkably similar. In terms of land area and buildings, the smaller 
footprint associated with the biodiesel plant only needs to be taken into account. For 
assessments of the land- and building costs, the following information is relevant. 
 

 
 
Figure 7.4  Typical layout for an integrated oil seeds crushing/biodiesel plant [HLA-  
                   Envirosciences, 2007] 
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In the University of Georgia study for a 15 MMGY biodiesel plant [Shumaker, 2003], a tank 
farm with a capacity of 650 000 US gallons (2 400 m³), required an area of 20 000 ft² (1 860 
m²). If the tank farm capacities for five different studies in the range 35 000 to 40 000 tonnes 
per year are taken where three of these plants are actually operating plants, the tank farm 
capacity varies from 3 500 m³ (Neubrandenburg – 40 000 tonnes/year) to 11 000 m³ 
(Caparrosso – 35 000 tonnes/year [Méndez, 2006]). The plant in this study has a tank farm 
capacity of 8 000 m³ and thus will require an area of 6 200 m². The same study indicates a 
site area of 7 to 10 acres (2,83 ha to 4,05 ha). It has been shown that the area for the tank 
farm will need to be larger and a land area for the biodiesel plant can be estimated to be 5 
ha which may then provide for some land for a buffer zone. Serviced industrial land is 
estimated to cost R300/m² in 2010-2011. 
 
The process building in the Georgia study was estimated to be 60 ft high (18,3 m). If the 
Crown and West Central plant depicted in section 6.7 (Chapter 6) is scaled, the approximate 
dimensions are 18 m x 10 m x 16 m, compared to the 18,3 m process building mentioned 
above. This allows for a process building of 180 m². Secondly, for the administration 
building, a quote for a suitable 387 m² building at a value of R3 870/m² was inspected in 
August 2010. Two complete bills were also inspected for open cycle gas turbine facilities 
where the buildings were priced between R4 037/m² and R9 684/m². 
 
From the information given in this section, the following estimate can be done for the 
buildings for a typical 40 000 tonnes/year biodiesel plant: 
 
Process building:                                              180 m² @ R9 684/m²          R1 743 120 
Administration building including laboratory:    387 m² @ R3 870/m²          R1 497 690 
Warehouse/store:                                             654 m² @ R4 000/m²          R2 616 000 
 
Although the International Construction Cost Survey indicated the cost for warehouses in 
South Africa as R3 700/m² in 2009 with a nil % change from 2008 to 2009, the World Soccer 
Cup event in 2010 inflated prices, especially for high rise hotels [Emmett, 2010]. Also the 
GDP forecast was -0,9% for 2009 and 1,9% in 2010. With the aftermath of the world wide 
recession, the state of the construction industry in South Africa and the lack of Government 
contracts, it is proposed that the above prices are used without escalation in the project 
estimate.  

7.3.4.1 Estimate for earth works and civils  

 
Two complete priced bills for earthworks and civils were inspected to obtain an indication of 
relevant costing information. To take a site to terraced position would cost between 
R83,93/m² and R103,94/m². If this information is compared with a cost of R300/m² for 
serviced industrial land, the costs for land, bulk services provision and other costs such as 
the environmental impact assessment costs and fees for rezoning and approvals will amount 
to R200/m². The assumption for the cost of serviced land is thus reasonable. For a site of 5 
ha the cost of land will amount to an estimated R15 000 000. 
 
For the tank farm, information was available that allowed the civils to be estimated per tank, 
including bund walls and all the other requirements for safety and operational reasons. 
Secondly, it was shown that a comparison could be done in arriving at a price for terraced 
industrial land with the provision of bulk services to the site boundaries. In the following 
calculation, the costs of developing the site, excluding the buildings, can then be done. 
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Based on further priced bills consulted, a high level priced bill of quantities excluding the 
tank farm is suggested to be as follows: 
 
Access roads and other internal roads – 1 450 m @R1 075,80/m            R1 558 750                                
 - to COLTO and SABS 1200 specifications, including kerbing, etc            
Stormwater drainage – 600 m @ R690/m                                                  R   414 000 
- including trenches, bedding, structures and 450 mm pipes. 
Sewerage – 325 m @ R490/m                                                                   R  159 250 
- including Class 34 solid wall uPVC 160 mm diameter sewer pipes. 
Water reticulation – 408 m @ R285/m                                                       R  116 280 
- including trenches, valves, diameters 75 mm; 110 mm and 250 mm. 
Concrete works – foundations, pipe and pump plinths.                             R  322 754 
Cable trenches – 400 m³ @ R1 500/m³                                                     R  600 000 
Fencing – 950 m @ R550/m                                                                      R  522 500 
Construction costs                                                                                     R3 693 534 
Prelimaries and general costs @ 8%                                                        R   295 482 
Contingencies @ 10% of above costs                                                       R   398 901 
Design fees @ 7,5% of costs including contingency allowance                R   329 094 
Supervision costs @ 7.5%                                                                         R   329 094 
Total civils and earthworks costs excluding terrace, buildings                   R5 046 105 
 

7.3.5 Summary of approach to capital costs in this study 

 
In this study a total greenfield approach had to be accomplished, including  considerations 
on the provision of land for the biodiesel facility. Normally a number of parties would have 
been involved in furnishing the information on the various components comprising the capital 
cost estimate.  As can be seen from Figure 7.1, no mention was made of the acquisition of 
land, approvals, bulk services to get the land to a terraced position and the activities 
normally associated with civil and building works. From personal experience and exposure to 
capital projects over a few decades, the relevant work could have been done for this study 
and the calculations are presented in section 7.3.4 
 
A main contractor wil normally manage the project and have a number of contractors such 
as the process contractor, the civils and off-site contractors and various smaller contractor 
and sub-contractors to manage their contributions to facilitate the completion of the project. 
In this study, in contrast, calculations were done to ensure that the relevant information is 
generated to facilitate entries in the total capital cost (TCC) estimate in section 7.8 
 
Considering the information provided in Figure 7.2, the route to generate the information for 
the installed capital cost will entail procuring the process licensor package or use in-house 
knowledge as a process contractor to prepare flow sheets, equipment lists and the other 
information mentioned in section 7.2 needed for the project estimate, including cost 
information from suppliers and contractors. In this study, again from personal experience, all 
this information could be generated by developing the three process flow sheets for the three 
process routes discused in section 6.6, then accomplishing all the other activities 
summarised in Appendix B, having considered the practices and constraints on which some 
detail was provided in section 7.3.3.  
 
The approach to generating the capital costs needed for the total manufacturing cost 
estimate in section 7.8 can be summarised in stating that the information was generated 
from first principles, using expertise required over a few decades in capital projects and 
facilitating quotations from contractors and suppliers, as well as doing estmates where the 
required information could not be readily obtained. The information was captured in the 
detailed priced equipment lists presented in Appendix B, section 11.2.5. Although the costs 
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as captured in that section are the very basis for the capital costs estimates, it is a very 
detailed list and thus an analysis was done and is presented in Table 
 
Table 7-11 Analysis on equipment and services groupings and derivation of costs 
 
Description                    Code    Document sec-     Installa-       Basis for costs 
                                                      tion reference      tion factor 

 
Offsites/Balance of plant      A          7.3.2.1; 7.3.3.7;              -                 Adapted 900 activity 

11.2.5.4                                           contract and quotes 
for package plants 

Specialised items/ B-P        B           7.3.2.2; 11.2.4.4;         2.5                Specification and 
regulators                                        11.2.5.2                                             vendor quotation 
Filters                                   C          7.3.2.3; 11.2.5.2          2.1                Spec., UK quotation 
Distillation columns              D         7.3.2.4; 7.3.3.5;            2.0                Specs., weights, cost 
                                                        11.2.4.3.1-2;                                      from first principles, 
                                                         11.2.5.4                                            quotations 
Flash drums                         D         11.2.4.3.2; 11.2.5.4      2.0                Spec., quotation 
Heat exchangers                  E         7.3.2.5; 7.3.3.6;              
                                                         11.2.5.3 
   -plate heat exchangers                                                     3.0                Specs., quotations 
   - SCA heat exchange                   11.2.4.4; 11.2.4.7         1.2                Mechanical spec., 
     equipment                                                                                             quotation 
Storage tanks, vessels         F         7.3.2.6; 7.3.3.1;                                 Unit costs, quotations 
                                                        11.2.4.5 & 6 
Separation columns,            H         7.3.2.7; 7.3.3.2;            2.0                Specifications 
Splitters & decanters                       11.2.5.2 
   -centrifuges                                  11.2.4.2                        1.2                Spec., detailed quote 
Pumps                                  L         7.3.2.8; 7.3.3.4;            2.0                Specifications and 
                                                        11.2.4.9.1&2;                                     detailed unit prices, 
                                                        11.2.5.1                                              quotations 
Mixers                                  M         7.3.2.9; 11.2.5.3 
   - Stirred tanks                                                                    2.8               Quotation for stirrer 
   - Inline                                                                                2.0               Specs., quotations 
Reactors                             R          7.3.2.10; 7.3.3.3; 
   - CSTR                                         11.2.4.1; 11.2.4.1.1;      2.0               Spec. and estimate 
   - packed columns                         11.2.2.4.4; 11.2.5.3       2.0               Spec. and quote 
   - plug flow tubular                                                               1.2               Mechanical spec. 
                                                                                                                   and quotation 
Vacuum driers, evaporator  V         7.3.2.11                          2.0               Spec. and estimate 
Buildings                             -           7.3.4                                -                 Quantities and priced 
                                                                                                                  bill adapted 
Earthworks and civils                      7.3.4.1                                                Detailed priced bill  
                                                                                                                   adapted, updated 
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7.4  OPERATING COSTS 

7.4.1  Components of operating costs 

 
Operating cost is also known as manufacturing cost or production cost and in an estimate for 
plant costs the following main areas are covered [Perry, 1963]: 

 Materials; feed stock, reagents or processing materials (catalysts), utilities 
(electricity, other energy carriers, steam, water), other operating materials. 

 Labour or manpower. 

 Maintenance costs. 

 Insurance and property taxes. 

 Plant overheads either allocated as direct or indirect costs. 

 Depreciation. 

 Credits for co-product sales. 
 
 In Figure 7.5  some idea of typical operating costs is presented. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
Figure 7.5  Total operating costs for a base catalysed biodiesel production plant [Mitchell, 
2008] 

 
In an operating facility the operating costs will be reflected in the annual reports in the 
detailed income statement and they will not be known at the time of preparing the feasibility 
study. From a U.S. presentation at the University of Montana in 2008, a slide was obtained 
on typical costs on a 5 MMGY facility, and the slide is reflected in this study as Figure 7.6 to 
provide a check on the usual factors included in the total manufacturing and operating costs 
as calculated in section 7.8.3. 
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Figure 7.6  Estimate of 2008 costs for operational variables in a 5 MMGY biodiesel plant [van 
Gerpen, 2008] 

 
In order to obtain an estimate for operating costs, figures for materials, reagents, energy, 
and other inputs have to be obtained from sources such as equipment suppliers, plant 
operators and other sources in the biodiesel industry. These quantities have to priced. As in 
other countries like Germany or the United States many reference cases are available, it is 
appropriate to obtain acceptable industry figures. From a study incorporated in the DBFZ 
report (referred to in Chapter 2 of this dissertation), an industry-weighted average of energy 
and material inputs and outputs made available by the National Biodiesel Board (NBB) of the 
United States for 2008 production volumes were obtained. [Oehmichen, 2010] These figures 
were for both canola and soybean oils. Natural gas input is 2,69 standard cubic feet (SCF) 
with 1 027 Btu per SCF. The figures in Table 7-11  include refining of oil after degumming.    
 
Table 7-12  Data for biodiesel (methyl soyate) production 
 
                                 Input or output                 Quantity /gal biodiesel 
Inputs                                                                (Units by U.S. convention) 
Feed stock  
                       Virgin oil (lbs)                               7.3285 
Energy 
                       Electricity (kWh)                           0.12 
                       Natural gas (Btu)                          2,763 
                       Methanol (lb)                                0.6735 
                       Sodium methylate (lb)                  0.1712 
                       Sodium Hydroxide (lb)                 0.0072 
                       Hydrochloric acid (lb)                   0.3214 
                       Phosphoric acid (lb)                     0.0047 
                      Citric acid (lb)                                0.0054 
                      Water usage (gal.)                        0.30 
Outputs 
                      Biodiesel (gal.)                              1.0 
                      Glycerol (lb)                                  0.8881 
                      Wastewater (gal.)                         0.0426 
                      Fatty acids in waste water (lb)      0.0153 
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In another paper on biodiesel performance, costs and uses, it was estimated that for each 
US gallon of biodiesel produced, 0,083 kWh of electricity is required and 38 000 Btu of 
natural gas [Radich, 2007]. It is clear that care should be taken in using available 
information, as the energy source could well be different, explaining the variance in figures 
when the BDFZ values are compared with those of Radich.  
 
Material and energy inputs and outputs have capital cost and operational cost elements, in 
particular where steam is generated by a boiler or a water softening plant is required; also 
cooling towers or electrical switchgear and compressed air or nitrogen blanketing facilities. 
The operational elements will focus on consumption which from first principles, will be 
derived from mass and energy balances. Useful information is available from contractors 
and from studies but will need to be considered in the context of conventional practice at the 
point of origin. As an example natural gas is mostly used for steam generation in the U.S.A. 
whereas in other locations electricity is used. Also the utility needs depend on the unit 
processes in the plant, thus in a case where pharmaceutical grade glycerine is produced or 
the oil refined and dried before transesterification, higher figures for utility needs will be 
indicated. A useful point of departure for utility needs in an alkaline catalysed plant will be to 
indicate figures per 1 000 kg of biodiesel produced, as is shown in the Table 7-12 where 
figures were extracted from various sources [Oehmichen, 2010 (BDFZ); IKA, 2010; Crown 
Iron, 2008; Lurgi, 2008]: 
 
Table 7-13  Material and utilities needs as indicated by different sources for base  
                   catalysed biodiesel production 
 
Component                           Unit                               Source 
                                                              BDFZ        IKA        Lurgi        Crown Iron 

 Virgin oil                              kg             997        997         1 000                 ? 
Methanol                              kg               91,63    97,2           96              89 
Na methylate (30%)             kg               23,29    18,3          16,6            21 
NaOH                                   kg                 0,98      ?           1,5 (50%)     10 
Hydrochloric acid                 kg               43,73      ?            10 (37%)     15 (37%) 
Phosphoric acid                   kg                 0,64      ?                ?                   ? 
Citric acid                             kg                 0,73      ?                ?                   ? 
Sulphuric acid                      kg                 0,3        ?                ?                   ? 
Utilities 
Electricity                             kWh              36        24              12               87 
Natural gas                          Btu               829        -               -                   - 
L.P. steam – 2 barg 
L.P. steam – 4 barg              kg                  ?         310           320           218 
H.P. steam – 10 barg           kg                   ?          ?               ?           2 945 
Compressed air                    Nm                 ?          5               ?                 ? 
Nitrogen                                Nm                 ?          7               1                 ? 
Cooling water (ΔT=10 ºC)     m³                  ?         120           25            116 
Process water                      kg                330          10          200            226 
Waste water                         kg                  48          ?               ?                ? 

 
For other process routes the utility requirements could well be different. In the supercritical 
process route there is substantial heating of the feed stock required as the reactor 
temperature will be of the order of 300 ºC. On the other hand, optimisation of energy 
requirements also has an effect [Myint, 2007;  Nisworo, 2005]. 
 
As can be seen from Figure 7.6 on operating costs presented at the University of Montana, 
allowances also have to be made for other variables comprising operating costs. Whereas 
the figures quoted  are for the biodiesel industry in the United States and compiled from data 
obtained from 230 biodiesel producers with a combined biodiesel output of 700 million US 
gallons in 2008, costs should be estimated for a specific capacity. Also, a specific process 
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route was used, base-catalysed transesterification, and inputs will be different for other 
process routes [Oehmichen, 2010].  

7.4.1.1 Input costs for feed stocks and reagents 

 
(1) Sodium methylate can be obtained as a 100% active catalyst or a 30% solution 
in methanol. It is available in South Africa ex import, as it is used in various 
pharmaceutical applications and in the manufacture of products such as carpet 
shampoos. It is available in 200 kg drums, 900 kg IBC’s or in 23 mt Isotanks cif 
Durban at a budget price of R9,50/kg for the 30% blend with no duty payable 
[Sharp, 2010]. For 100% sodium methylate (sodium methoxide) for 80 x 110 kg 
delivered Johannesburg in steel drums, a 2010 price excluding VAT is R17,95/kg 
[Hodgson, 2010]. 
 
(2) Methanol prices are coupled to European prices and a mid 2010 ex a European 
port price was €255/tonne. In small quantities methanol delivered Reef will sell at 
R4,80/l. [Louw, 2010].  Methanol supplied by Sasol in South Africa is delivered ex 
Sasolburg from Sasol Solvents at the October 2010 quoted price of R3 430/tonne. 
This price equates to a delivered Randfontein price of R3 670/tonne or R3 
750/tonne at Secunda. {Quotation on 18/10/2010 (011 780 0000)} Another price for 
methanol delivered bulk in 20 tonne lots excluding VAT late 2010 is R4,80/kg 
[Hodgson, 2010]. A 2008 U.S. price is $0,15/lb (R2 480/tonne at US$1=R7,50) 
[Myint, 2008]. 
 
(3) As mentioned in earlier chapters, natural gas is supplied in areas around 
Secunda, the Reef/Vaal triangle and as far west as Carletonville on the far West 
Rand. Pricing is done to equate the gas price to Heavy Furnace Fuel (HFO) prices, 
a gas price quoted by Sasolgas as R85/GJ or $12/GJ. It is useful to know that for 
the production of 1 tonne of steam at 10 bar, Sasolgas suggests 2,8 GJ of gas be 
used. 
 
(4) Caustic soda can be obtained as a 30% solution for 16 metric tonne lots, 
excluding delivery and VAT, at a price of R2,31/kg. It is reasonable to add a 
transportation cost of R200/tonne for delivery in Gauteng [Hodgson, 2010]. A 
comparable U.S. price is $1,80/lb [Myint, 2008]. 
 
(5) Hydrochloric acid is available as a 30% solution in drums at a price of R1,37/kg, 
excluding VAT [Hodgson, 2010]. The 2008 U.S. price is $0,63/lb [Myint, 2008]. 
 
(6) Phosphoric acid is available at 80% concentration at a price of R10,57/kg, 
excluding VAT, in 1000 l/1639 kg flobins [Hodgson, 2010]. 
 
(7) The price for citric acid is R11,68/kg, excluding VAT, packed in 25 kg bags 
[Hodgson, 2010]. 
 
(8) Process water has to incorporate the cost of water softening, a typical cost being 
R16 /kl. 
 
(9) Acetone is available in bulk delivered Reef from Sasol Solvents, typically in 5 
tonne loads at a delivered price (October 2011) of R8 250/tonne. 
 
(10) Hexane is available to oil seeds oil extraction companies like Majesty Oil 
Refiners in the Krugersdorp area at a bulk delivered price of R7,50/l (Oct. 2011). 
 
(11) In section 5.9 it was stated that as a result of the fact that South Africa imports 
most of the vegetable oil requirements, import parity costs as discussed in Chapter 
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5 of this dissertation will need to be used in estimates. The October 2011 price 
delivered Gauteng for the identified feed stocks in the Biofuels Industrial Strategy 
will be R10 390/tonne. Secondly, in a linear progression the price for yellow grease 
in the United States will be 0,49 of the price of virgin oils [Radich, 2007]. This 
equates to a local price of R5 091/tonne. 
 
(12) For the 2011 second quarter U.S. Gulf technical grade vegetable and tallow 
contract glycerine prices averaged US$914,92/tonne and spot prices averaged 
US$931,45/tonne. This equates to a South African export parity price of 
US$923,18/tonne or R6 924/tonne. By comparison, average prices for crude 
glycerine are US$220,46/tonne or R1 653/tonne. The prices for pharmaceutical 
grade averaged US$1 366,87/tonne.   

7.4.1.2 Energy and utility input costs 

 
In a number of studies natural gas is mentioned as an energy input. The natural gas is used 
as boiler fuel for steam generation. From data available from contractors and plant 
operators, steam consumption figures are available and this input can be priced accordingly. 
In a HEN utility savings study for a 151 200 tonnes/year biodiesel plant where process 
integration was done, the figures shown in Table 7-13 were quoted for the different utilities.  
 
Table 7-14  Costs for utilities in a U.S. biodiesel plant study [Myint 2008] 
 
Item                             Amount (10³ Btu/hr)   Unit cost ($MM Btu)     Cost ($ 10³/year) 
 
H.P. Steam                    8,789                          8,00                            562 
M.P. Steam                    1,367                          6,00                             66 
Cooling water                 9,831                          6,00                           472 
Cooling with  
Refrigerant                                                      14,00                           603 
 
As a first approximation, costs for a 40 000 tonnes/ year plant will be $149 000 (H.P. Steam); 
$17 460 (M.P.Steam); $124 900 (cooling water) in 2008 costs in the U.S. 
 
For electricity costs, it is reasonable to assume that the charges by Eskom for a 380V three 
phase supply at business rate 1,2,3, will apply. These charges have five components, not 
just an energy charge per kWh. Two Eskom accounts in the Johannesburg and Krugersdorp 
areas respectively for two different periods were analysed and the results summarised in   
Table 7-14.  
 
Table 7-15  Electricity costs for two Eskom 1,2,3 business tariff rate accounts 
 
         Account                                           7510998629                           8501985790 
Cost component / period (2010)          August   February                   August  February 
-----------------------------------------------------------------------------------------------------------------  
Service charge per day (R)                   7,69       6,23                          7,69       6,23 
Network charge per day (R)                  8,93       7,23                        15,05     12,19 
Retail environmental charge (R/kWh)   0,02       0,0197                      0,02       0,0197 
VAT raised at 14% (R)                          244,13   121,07                      115,94     96,01  
Energy charge in R/kWh                       0,4942   0.4002                      0,4942   0,4002 
kWh considered                                  2 357        1 162                          328        361 
Total charges (R)                              1 987,94   985,87                       944,06   781,77 
Cost/kWh (R)                                       0,8434    0,8484                       2,8782   2,1655 
Cost/kWh ($=R7.50) ($)                      0,1124     0,1131                      0,3837    0,2887 
Energy charge ($/kWh)                       0,0659     0,0534                      0,0659    0,0534 
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If the figures in the table are analysed, some charges are levied on a daily basis and the 
VAT raised on the total charges. As the kWh used increases, the total charge on a kWh 
basis will decrease but will not be lower than the energy charged per kWh. For the power 
consumed, the add-on cost amounts to 70%. By comparison, the wholesale price in Spain is 
€0,05/kWh; consumer price €0,17/kWh. 
 
For the three process routes for which flow sheets and equipment lists were presented in 
this dissertation, on the basis of 1 000 kg of biodiesel produced, along the lines set out in 
Table 7-12, a summary can be done on direct operational costs. Two points of departure on 
two aspects need to be mentioned first. 
 
On electricity used, the power needed can be done using a power schedule, however 
reliable information is available from the sources mentioned in Table 7-12. The figures 
mentioned can be compared with average costs from U.S. information where the power 
used per 1 000 kg biodiesel produced, amounts to 24 kWh. Secondly, from the same source, 
the energy provided by natural gas per US gallon of biodiesel produced, amounts to 38 300 
Btu [Radich, 2007]. This equates to 11,9 GJ/tonne of biodiesel. It is suggested that in the 
circumstances the amount of steam necessary does not have to be computed, if the boiler 
water is allowed for and the cost of the boiler is allowed for in the capital costs. Similarly, in 
this dissertation compressed air, nitrogen and instrument air were allowed for in the balance 
of plant calculations, where ordinarily process contractors will include these estimates in 
their sales brochures [ Lurgi, 2008; Crown Iron, 2008]. 
 
There is a further consideration not comprehensively covered in research papers, with the 
exception of a M.Sc thesis on the supercritical route for making biodiesel [Nisworo, 2005]. 
Firstly, many authors indicate different quantities of methanol used, depending on the molar 
ratio of methanol to oil. The amount of methanol is determined by the stoichiometric 
relationship as matter can not be destroyed. Secondly, it depends on the efficiency in 
running the plant how much methanol and for that matter, chemicals like hexane and 
acetone evaporated from what is essentially a closed system. These chemicals can be 
accounted for by allowing separately in estimates for a first fill and then calculate annual 
figures to incorporate evaporation and other losses. This methodology was followed in this 
estimate, shown in Table 7-15.    
 
Table 7-16  Materials and utilities needed/tonne biodiesel produced 
 
Description                                                                             Process route 
                                                                                  Quantity used /tonne of biodiesel 
Component                        Unit   Cost/unit (R)                      HACA        ECA       SCA 
 
Oil feed stock                     kg      10,39                                 997            997        997 
Chemicals 
 -Methanol                          kg        3,7                                     98              96        114 
 -NaOH (30% soln.)            kg        2,50                                   3,34           3,34    - 
 -HCl (30% soln.)                kg        1,37                                   15,4           -            - 
 -Phosphoric acid (80%)     kg       10,57                                    0,8             0,8      - 
 -Citric acid                          kg       11,68                                   0,73          -           - 
 -Sodium methylate (30%)  kg         9,50                                   24             -            - 
 -Hexane                             l            7,50                                    -              17,5       17,5 
 -Acetone                            kg         8,25                                    -                6,25     - 
Utilities 
 -Electricity                         kWh      1                                       36              46          60 
 -Sasolgas                          GJ        85                                     11,9           15          95 
 -Process water                  kl          16                                       0,2             1          30 
 -Cooling water                   kl          16                                     25               25         55 
 -Waste water                     kl          16                                       1                 1           1  
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7.4.2  Manpower and operator costs 

 
There are a number of factors influencing a definitive statement on the number of human 
resources and the associated costs to be provided for in a cost estimate for a biodiesel 
facility.  
 
Firstly, the battery limits for the plant has to be defined as well as other factors such as 
whether the plant forms part of an integrated operation including feed stock processing. 
Secondly, the location of the plant and support facilities have to be assessed from a labour 
perspective. Thirdly, the degree of automation in the plant and the sophistication of its 
control system have to be considered as well as whether it is functioning on a continuous or 
batch basis. It is postulated that the capacity of the plant is not as significant as the number 
of unit processes and different operations to be performed in producing biodiesel and 
handling effluent problems. 
 
A 10 million gallons per year biodiesel plant from the Iowa based Bio-NRG organisation in 
the U.S. being built in 2009, will employ between 25 and 50 people [Biofuels-news, 2009 
(October 19)]. This information correlates with a general figure for the U.S. of 1 plant 
operator per 1 million US gallon plant capacity and 1 manager per 4 operators [van Gerpen, 
2008]. 
 
The manpower figure taken to be that for an integrated facility, compares well with that of a 
15 MMGY integrated crush and biodiesel plant in La Harpe, Hancock County, Illinois, which 
is projected to cost $38 million. The facility feasibility study projects 30 jobs [Husar, 2010]. 
 
The 80 MMGY Claypool biodiesel and soybean processing plant located in Kosciusko 
County, Indiana, created roughly 105 jobs, the number of jobs comparing well with the rule 
of thumb indication from van Gerpen [Geiver, 2010]. An estimate in Georgia revealed that a 
30 MMGY facility provides 978 jobs [Shumaker, 2007].   
 
On the other hand, for a 38 MM litre biodiesel operation using two types of feed stock, BBI 
Biofuels Canada estimates that the facility located at Durham will require 12 employees 
[Saville, 2006]. For a 4 MMGY plant in Wisconsin the number of plant employees will also be 
12 but the multiplier effect takes it to 497 jobs [Fortenbery, 2005]. 
 
From the above, it is reasonable to assume that a 40 000 tonnes per year plant will employ 
12 employees. To that operator figure needs to be added 3 managerial employees and 3 
administrative personnel. Provision has to be made also for maintenance, material receipt 
and despatch/storage workers. 
 
In a U.S. study on comparing costs for a 30 MMGY and a 60 MMGY plant, industry sources 
revealed that the labour complement is similar. The advantage in terms of labour is that the 
cost per unit biodiesel produced (US gallons or tonnes or litres) will decrease with increases 
in capacity [Ginder, 2006]. 
 
For chemical plants where labour complements have to be estimated from first principles, a 
formula used for labour input E is E ~Qⁿ where n = 0.5, Q is the plant capacity. A linear 
approach is also feasible where the fixed element for a plant will consist of managerial and 
technical staff and operators wil vary linearly with plant capacity [Amigun, 2008, quoting 
Norman, 1979]. 
 
It can be concluded that the relationship between capacity and manpower numbers is weak 
and that a typical small chemical or warehouse/ blending facility can be considered. 
Secondly, for different process routes and capacities the same staffing can be considered 
[Nisworo, 2005]. Thirdly, three major process areas can be considered for shift operations, 
namely degumming and oil refinining, transesterification and biodiesel purifying and lastly 

Stellenbosch University http://scholar.sun.ac.za



263 
 

methanol recovery and glycerol treatment [Tapasvi, 2005]. Fourthly, good guidance is 
available from other cost studies and need little change to cater for local conditions [Skarlis, 
2008; van Wechel, 2003]. The direct costs and general overheads associated with staff have 
to be calculated. Regulatory and tax queries and demands are to be met with suitably 
qualified and experienced staff as well. The manpower estimate is provided in Table 7-16. 
 
Table 7-17  South African manpower costs for a 40 000 tonnes per year biodiesel plant 
 
Position                                              Number                          Costs/year (Rand) 

 
General Manager                               1                                     2 250 000 
Financial Manager                              1                                     1 575 000  
Administrative assistants                    2                                        840 000 
Plant Manager                                    1                                     1 250 000 
Technical/quality control Manager     1                                      1 575 000 
Laboratory technician                         1                                        900 000 
Yard/commodities personnel             3                                      1 260 000 
Maintenance workers*                       2                                         490 000 
Electrician*                                         1                                        280 000 
Instrument technician*                       1                                         350 000 
Sales/procurement personnel           2                                      1 050 000 
Storekeeper                                       1                                         630 000 
Maintenance worker*                         1                                           87 500 
Shift team leaders                             3                                       2 835 000 
Shift operators                                   11                                     8 085 000 

Totals                                                 32                                  23 457 500 
Administrative overheads:                                                         1 172 000 

Total                                                                                        24 629 500 
Notes: 1. Some salaries attract a direct overhead of 50%; others a direct overhead   
                of 40%; general overhead is 50% based on actual costs calculated on  
                salaries + direct overhead for staff not paid at hourly rates. 

3. * Hourly paid. 
 
 A company located in Vanderbijlpark that is a member of SEIFSA and sells a particular 
speciality product into the utility/power industry was identified as having the manpower mix 
envisaged for a biodiesel plant. The shift operations requirements were added to the 
manpower complement. Under administrative overheads, items such as auditor’s fees and 
the cost of non executive directors as well as any fees and costs paid to employers’ 
organisations and professional societies are captured. It is also prudent to make an 
allowance for periodical testing by the South African Bureau of Standards (SABS) of the 
biodiesel produced. It is assumed that the plant will run 8 000 hours per year and will have 
an annual shut down to cater for staff leave requirements. During shut down, it is projected 
that items of equipment such as pumps be overhauled and the costs included under repair 
and maintenance. 
 
For a well designed plant with a higher than average capital cost and a low number of items 
of equipment such as pumps to maintain, the maintenance cost could be as low as 1% of the 
capital cost [Marshall, 2006]. As mentioned in the paragraph on manpower costs, an 
allowance has to be made for major maintenance and repair during the annual shutdown. As 
the plant will be operated on a continuous basis, it is noted that as a generalisation it will 
have a lower maintenance cost than a batch plant of the same capacity [Shumaker, 2007]. 
Also the feasibility studies consulted, quote figures of 3,5% - 10% of the capital cost of the 
plant for a repair and maintenance estimate [Booth, 2005; Skarlis, 2008; Apostolakou, 2009]. 
For the estimates produced later in this chapter, repair and maintenance will be calculated at 
10% of the capital cost. 
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Depreciation is normally provided for using a straight-line method to write off the costs, less 
the estimated value over the useful life of the property, plant and equipment where land has 
an indefinite useful life, buildings 30 years, plant and machinery 5 – 12 years, office 
equipment 5 years and instrumentation and electronic equipment 3 years. For a biodiesel 
plant there is actually a special dispensation in the directives from SARS, where the plant 
could be depreciated over three years, with a 50% allowance in the first year, 30% in the 
second year and 20% in the third year of operation. 
 

7.4.3  Co-product sales and costs 

 
As has been mentioned in the discussion on glycerol in Chapter 6, the glut of glycerol on the 
market has given rise to it being considered as a waste stream. During 2006 about 50% of 
the biodiesel plants in the U.S. paid for the disposal of glycerol by-product or drying it and 
selling it at a low price. Only large operators such as Proctor & Gamble refine it to United 
States Pharmacopeia (USP) grade at a 2006  refining cost of $0,20 per pound. The 
conversion factor in the U.S. for glycerol produced is 0,735 pounds per US gallon of 
biodiesel produced [Dasari, 2007]. 
 
The world consumption of glycerol was estimated at 0,718 million tonnes in 2008 of which 
Europe and Asia-Pacific accounted for 55% with a growth of 1,7% in the period 2001-2010. 
[Taylor, 2008] For 2015, glycerol consumption is predicted to be 1,537 million tonnes. South 
Africa used 12 000 tonnes during 2005 with a price of R6,30 per kg delivered in drums and 
R6,00 per kg delivered in bulk. Domestic producers seem to link prices on the strength of the 
US dollar to the Rand [Heming, 2005]. 

7.5  EVALUATION OF SOME RELEVANT FEASIBILITY STUDIES 

 
There are a number of feasibility studies available that provide indications of biodiesel 
production costs and profitabilities in various parts of the world. In these feasibility studies, 
the scope of the facility concerned is not always provided, for example whether the plant is a 
stand alone plant or coupled to oil extraction, allowance for oil and product storage, transport 
costs for feed stock or product, and assumptions about the basis for particular estimates. 
These variables have a pronounced effect on projected costs and could explain the range 
given in one source, a study of 12 economic feasibility studies indicating biodiesel costs 
ranging from U.S.$ 0,30 – 0,69 /l [Bozbas, 2008]. It is nevertheless useful to summarise the 
information provided in some relevant studies because different process routes, capacities 
and locations are covered. If a HYSYS simulated plant with a capacity of 50 000 tonnes/year 
and rapeseed oil as feed stock in Greece using costs calculated in 2007 is compared to the 
facility in Tongchuan City, China with the same capacity, but using different feed stocks, that 
was commissioned in 2010, the two costs are $9,4 million and $19,3 million respectively. 
The cost indices mentioned in a later paragraph indicate that the variance for the time factor 
is small, thus it can only be concluded that  capital cost prices can differ markedly 
[Apostolakou, 2009; C I E, 2011].  
 
To interpret and extrapolate the information available from the various feasibility studies, at 
least three variables have to be considered. These are firstly, the cost to plant capacity 
relationship. Through an empirical relationship, at least for a level 1 estimate normally used 
in feasibility studies, the cost of a similar unit of a different capacity can be estimated by the 
logarithmic relationship C1/C2 = (Q1/Q2)ⁿ where n is a factor normally assumed to be 0,67; 
C is the cost and Q is the capacity [Perry, 1963]. The factor can vary from 0,2 to greater than 
1, which in itself presents a problem [Amigun, 2008]. The relationship can be better 
appreciated if one considers the reasoning behind it. If vessels handling gases or fluids are 
used, the volumetric flow rate defines the size if the residence time is constant. The cost will 
depend on the surface area of the vessel  which relates to the amount of material needed to 
make the vessel. From the surface area and volume for a spherical vessel and rearranging 
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the 2/3 power factor comes into being. For solids, the mass feed rate defines the size. For a 
pump or compressor it will be the amount of electricity consumed and for a heat exchanger it 
will be the amount of heat removed [Kreutz, 2008]. 
 
Secondly, cost escalation formulae need to be applied so as to estimate the effect of time 
variable costs. These formulae can contain a number of elements with different factors, but 
will normally have a material and a labour element. A popular labour element in South Africa 
is the table C3 lists in the SEIFSA indices. The material element can comprise a number of 
indices, such as one, more than one or even all the elements published by a journal like 
Chemical Engineering for plant cost indices. 
 
Thirdly, costs may well vary even for the same point in time between countries or even 
different locations in the same country, for example East Coast costs in the United States or 
coastal costs and costs in Gauteng in South Africa, because of transport or labour costs 
differentials. It follows that the cost in South Africa will possibly be different to any other 
country in the world, also depending on whether the plant is locally designed or built, the 
imported content which will have currency, freight and insurance costs associated with it; 
also the cost of local labour and similar variables. Although currency fluctuations can be 
partly accommodated by the factor above, for the same point in time a currency conversion 
factor should be applied. Over the longer term currency fluctuations could be accounted for 
by changes in elements to do with with material and equipment supply. 
 
For the U.S. a number of cost indices are available. In Figure 7.7 four indices are normalised 
to year 2000 value and provided for the period up to 2008. These indices are the Handy-
Whitman “Total Plant-All Steam Generation Index; the Chemical Engineering Plant Cost 
Index (CEPCI); the Marshall & Swift/Boeckh Index based on construction cost information 
generated for projects throughout the United States and fourthly, the US GDP Deflator, the 
annual average implicit price deflator for gross domestic product published monthly by the 
U.S. Department of Commerce [Kreutz, 2008].  
 

 
 
Figure 7.7  Four U.S. cost indices normalised to a year 2000 value [Kreutz, 2008] 
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If a snapshot is then taken from the “Economic Indicators” as presented in the issue of the 
journal “Chemical Engineering” – May 2010, the above observations are confirmed [Chem. 
Eng, 2010]. This is shown in a chart presented in Figure 7.8  below  Table 7-17, which 
reports on the index as compiled from the information published in Chemical Engineering. 
 
Table 7-18  Chemical Engineering Plant Cost Index for years 2000 – 2010 
 
Year      2000   2001   2002   2003   2004   2005   2006   2007   2008   2009   2010   
 
Index    394.1  394.3  395.6  402.0  444.2  468.2  499.6  525.4  575.4  521.9   550.8 
 
From the information available from the August 2011 issue of Chemical Engineering, page 
56, the CEPCI figures show an index of ~575 for the months of April and May 2011. This 
means that there has been no increase in cost  in terms of the Plant Index since 2008. 
 
 Particularly relevant to this feasibility study is what happened to plant costs between the end 
of year 2007 and the present time. In a discussion with the former managing director of a 
local engineering and project management firm Keyplan Pty Ltd, it was actually confirmed 
that prices for chemical plant, containing a significant amount of stainless steel, these prices 
decreased or remained the same as during 2008. Furthermore the SEIFSA indices for 
stainless steel show a decrease and the price differential between the U.S. and South Africa 
will at most be 15% to take account of freight and insurance costs. This is on condition that 
there is not any duty involved which is normally the case for complete chemical plants 
[Jones, 2010]. 

 

                           

                           
 
Figure 7.8  Chemical Engineering Plant Cost Index bar chart for Jan. 2008–Feb. 2010 

 
Whereas the capital cost of a plant is an important consideration in establishing the 
economic feasibility of a project, the operating costs or daily running costs could be crucial in 
judging whether a plant will be profitable. Various models are available, one of them being 
practised by the Association of German Engineers(VDI). In this model at least four elements 
are distinguishable: capital-related costs; consumption-related costs; operation-related and 
other costs; credits/receipts [Amigun, 2008]. Again some of these costs will be country 
specific, for example the depreciation period or the rate of inflation or the cost of finance. 
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It is also important to consider the scope of the plant, whether it is a stand alone plant on a 
greenfields site or whether it is part of a vertically integrated operation or whether it is part of 
a refinery with adequate infrastructure and utility availability. If the information available from 
feasibility studies presented in Appendix C of this dissertation are studied, at first glance it 
appears that the battery limits are different for each plant. Secondly, the direct operating 
costs are location dependant, but this problem can be resolved by using general information 
as shown in Table 7-12 in this document. Although the studies mentioned are not explicit on 
the inclusion of cost of land and that cost will also be location specific, an attempt can be 
made to compare fixed capital costs (FCC) for a range of capacities, as is done Table 7-18. 
 
Table 7-19  Comparison of Fixed Capital Costs from feasibility studies 
 
Description                                                FCC without land 
 
Researcher/Date    Capacity       Research date  October 2011 Factor      SA 40 kt plant         
                                Ml tonnes     $ millions (Ml)        $                                    R millions 
 
Haas/2005              33,304           11,348             13,912            1,13             117 966 
Shumaker/2007      49,962           27,200             31,280            0,86             202 120 
Mattson/2007        100,0              15,863             18,242             0,54               74 048 
Apostolakou/2007   50,0                9,4                 10,81               0,86               69 816 
Van Wechel/2003   16,65              5,552               7,898             1,80              106 564 
Skarlis/2008              4,0               €1,82               €1,82               4,68               85 127 
English/2002           43,3               18,8                 26,89               0,95             191 242 
Marchetti/2007       36,036             6,437               7,402              1,072             59 535 
Lozado/2010          33,304           12,112             12,663              1,13             102 703 
 
 
 From Table 7-18, if the costs indicated in the different feasibility studies to present an 
October 2011 average cost for a 40 000 tonnes/year plant  of   R112 124 million. The costs 
as adjusted for currencies and using escalation from CEPCI charts as well as an exponential 
factor of 0,67 in terms of the power rule, differ remarkably. The variance or scatter suggests 
that it would be advisable to rather work from first principles for the South African cases 
where flow sheets are drafted, material balances and equipment lists are compiled, 
specifications issued and budget quotations are received from fabricators, equipment 
vendors and contractors. It is also known that certain of the plants for which estimates were 
done, the feed stock used was degummed soybean oil which implies fewer items of 
equipment [Haas, 2005; Apostolakou, 2009]. Secondly, it is not known whether items like the 
storage tanks were allowed for in all the studies. 

7.6  THE BIODIESEL COTTAGE INDUSTRY 

 
For first generation biofuels it is said that even under the most optimistic assumptions the 
energy savings related to large-scale biodiesel production would be very modest and would 
be overwhelmed by the huge land requirements as mentioned in Chapter 5 and the 
environmental impacts discussed in Chapter 2 of this dissertation. For the recycling of used 
vegetable oils or agricultural residues, the so called cascading principle, the same 
arguments do not apply. Small-scale niche productions may be good strategies [Russi, 
2008]. A comparative disadvantage with smaller plants is that they do not collect by-products 
from the production process, resulting in marginal operating costs being increased [Ginder, 
2006]. This also means normally that not the same attention is paid to the waste products 
from the plants, which presumably is put down the sewer or dumped. Alternatively, the WCO 
is used to make biodiesel in ‘cottage’ plants, as schematically shown in Figure 7.9 
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Figure 7.9  Block diagram for a batch process cottage industry biodiesel plant [Tickell, 1999] 

 
Over the years articles appeared in various publications on successfully operating small 
plants for biodiesel production. Information from these articles are summarised and briefly 
reviewed in this section, an example being the information that appeared in the magazine 
‘Home Power’ [Tickell, 1999]. Invariably, linked to capacity, biodiesel plants in this category 
will be batch operations and the process configuration wil be base-catalysed. If a feed stock 
with a high fatty acid content is used, provision has to be made for acid catalysis to esterify 
them or neutralisation of the fatty acids prior to the transesterification unit process. From a 
feasibility study done on a community  scale plant in British Columbia (BC), the information 
produced in Table 7-19 will be typical and can be escalated to obtain a current day value for 
a 2 million litre plant using animal fats or yellow grease, in the BC case purchased from a 
rendering company. [Boyd, 2004] Costs were calculated for a facility operating for 260 days 
per year, running 8 – 16 hours per day and processing 7 500 litre per day. 
 
In Canadian 2004 figures, the installed cost for the facility was estimated at $1 million. Such 
a plant would be located in a process building of 3 000 ft², with offices and a laboratory 
housed in another 1 000 ft² of buildings. The tank farm  and transportation areas would 
occupy another 6 000 ft². The cost of land was excluded in the estimate consulted. If in this 
case the CEPCI escalation from Table 7-17 is used, the installed cost can be estimated as 
$1 230 000. The total cost is dependent on direct costs such as raw materials, utilities and 
manpower costs and different indices should be used to obtain a present day value. A  
present day figure for total cost could be  about $1/litre which indicates a South African cost 
of R7/litre –R8/litre. 
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Table 7-20  Total cost estimate for a 2 million litre per year biodiesel plant 
 
     Costs 
            Total installed costs $ 1 million. 
 
            Raw material and reagents costs: 
                 Yellow grease                         $0.35/l 
                 Methanol                                 $0.26/l 
                 93% H2SO4                             $0.32/kg 
                 96-99% naOH                         $1.85/kg 
           Estimated cost                              $893 000 or $0.405/l 
 
           Direct costs 
                Utilities – energy consumption/l is 650 Btu. 
                 Natural gas ($/GJ)                  $9,50 
                 Electricity ($/kWh)                   $0,065 
                 Water costs (1,000 Imp. Gal)  $3,00 
                 Labour 
                 Plant Manager                        $77 000/year 
                Shift Manager                          $53 000/year 
                Production Assistant                $35 000/year 
                Office/administration                $24 000/year 
                Sales and Marketing                $10 000/year 
                Insurance                                 $20 000/year 
 
                Total estimated                        $258 000 ($0.12) 
                Overheads (lease of land)       $158 000 ($0.07) 
                Capitalization-depreciation      $100 000 ($0.045) 
                               (10 year period) 
                               Total costs                $1 409 000 ($0.64) 
 
Small biodiesel plants are available universally. As an example, the following information on 
the Fuel Meister equipment from Green Fuel Plc was published in the U.K. Farmers Weekly 
[Fone, 2004]. In 2006 the same magazine quoted prices for a similar plant showing a cost of 
90p per litre [Davies, 2006]. The comparison is shown in Table 7-20 and can easily be 
adapted for a similar facility in South Africa. To be noted, is that the capital cost decreased 
by a factor of two, but the cost of the same feed stock increased by a factor of five. As in the 
Canadian example, escalation and actual direct and indirect costs should be allowed for, but 
a present day cost would be about R11/litre. 
 
 
Table 7-21  Change in cost over 3 years for a small biodiesel plant in the U.K 

 
                                                   2004 case                        2006 case 
 
Capital costs                                 ₤3995                              ₤1195 
Production cost / litre 
Waste oil                                         10p                                  49.5p 
Methanol                                           8p                                  12.1p} 
Catalyst                                             0.2p 
Water                                                0.3p                                  
Electricity                                          0.8p                                 0.3p 
Wages at ₤6/hr                                  4p 
Fuel duty                                          27.1p                               27.1p 
                                       Total           50p                                  90p 
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Biodiesel Experts International offers a range of batch plants where fewer materials are used 
in the process, the plants are modern and skid mounted and it is useful to list the features of 
their plants; the 600 U.S. gallons/batch plant selling at $142 750,00 [Biodiesel Experts, 2011] 
(R1 070 625 at an exchange rate of $1=R7.50 for a 2 271 l/batch unit.) Using American 
diesel prices ($3,00/gallon) the plant can break even after 114 batches, if an operating cost 
of $0,92 is assumed. The relevant table for feed stock with a free acid content of 2% is 
presented as Table 7-21. 
 
Table 7-22  Operating cost/batch for the Biodiesel Experts International 600 Precision 
Unit 
  
Feed stock                                          Cost   Quantity Cost per Batch       Cost per Gallon 
                  Cost of feed stock              $0.50     600            $300.00                  $0.50 
Acid esterification 
                  Methanol per gallon           $1.50       29              $43.50                  $0.07 
                  Sulfuric acid per gallon      $3.00       4.5             $13.50                  $0.02 
Base Transesterification 
                  Methanol per gallon           $1.50     120            $180.00                  $0.30 
                  Recovered methanol         $1.50       24               $36.00                -$0.06 
                 Sodium hydroxide LB         $0.50       44               $22.00                 $0.04 
                 Dry wash (depreciation)     $0.03      600              $18.00                  $0.03 
                 Electricity kWh                    $0.15       60                $9.00                  $0.02 
                                                                                             $622.00                  $0.92 
 
The features of BEI Precision Units brochure is that it presents a good equipment list for a 
modern batch biodiesel facility, noting that storage tanks and the building are not included. 
These are: 

 600 micron pre-filter 

 Sodium methylate electric feed diaphragm pump with explosion proof motor 

 Methanol feed/circulation centrifugal pump with explosion proof motor 

 Stainless Steel Sodium methylate/methanol mix tank 

 Load cells on the methoxide mixer to ensure accurate weight proportions 

 Feed stock feed/circulation centrifugal pump with explosion proof motor 

 24 kW feed stock electric heater 

 Stainless steel reactor vessel 

 Site glass to see glycerine separation 

 Stainless steel centrifugal pump to remove glycerine 

 Ion tower feed/transfer pump 

 Stainless steel ion exchange resin tower 

 Stainless steel methanol recovery batch flash evaporator 

 24 kW electric heater 

 Centrifugal circulation/transfer pump with explosion proof motor Air compressor Air 
fin condenser  

 Air compressor 

 Air fin condenser  

 Air ejector to produce vacuum  

 Stainless steel methanol recovery tank 

 Stainless steel plumbing 

 Stainless steel valves and fittings Visual indication gauges 

 Control panel with colour touch screen 

 Completely wired, piped and tested. 
 
In South Africa, plants for biodiesel production are available and in production. As an 
example, a Cape Town based company, Biodiesel Centre, offers plants with capacities from 
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250 litres to 100 000 litres per day with price tags from R40 000 to R5 million.  The feed 
stock recommended for conversion is used cooking oil (WCO), as virgin cooking oil is more 
expensive than fossil diesel [Schneider, 2008]. Already in 2003 an article appeared in a local 
business magazine  that carried information on a plant built by a farmer using sunflower oil, 
which stated that a prototype biodiesel machine installed at a cost of R345 000 was 
producing 5 000 litres of biodiesel per day at a cost of R2,50/l, as opposed to the then ruling 
selling price for fossil diesel at R4,00/l [Anon, 2003] (See Appendix D).                                                               

7.7  POLICIES AND STRATEGIES FOR BIOFUELS 

 
In earlier chapters some of the drivers behind the interest in renewable energy were 
discussed. With the advent of the Obama administration in the U.S., a goal of expanding the 
development of renewable energy projects throughout the United States and creating new 
jobs certainly became more visible through frequent announcements of various incentives 
from the U.S. Department of Energy and the U.S. Department of the Treasury [Chu, 
Geithner, EERE News, 2009]. A case in point is the direct payments of at least $3 billion in 
financial support to approximately 5 000 biomass, solar, wind and other types of renewable 
energy production facilities. This incentive succeeded the tax credit programme previously in 
place to cover a portion of renewable energy projects cost, where from the beginning of 
January 2009 future tax credits to those organizations were substituted in favour of an 
immediate reimbursement of a portion of the property expense [EERE News, 2009]. Prior to 
the incentives and direct payments as announced by the Obama Administration, biofuels 
were subsidised in any event. In 2006 it was calculated that for the U.S.A., subsidies to 
produce 16 billion litres of biofuel meant a payment of $2 billion or $0,13/litre [Kammen, 
2006].  
 
Policies are by and large the domain of the authorities and can have a crucial effect on the 
growth and direction in which a particular industry develops. For biodiesel as a renewable 
fuel, policies vary from country to country and across continents and these will be examined 
in more detail below. To illustrate the influence of a policy, however, the mandate of the state 
of Massachusetts, one of the first U.S. states to introduce a mandate, can be cited. The 
mandate states that from July 1, 2011, producers of petroleum diesel will be legally 
compelled to add either 2% or 3% biodiesel produced from waste streams to their product. 
Also, Massachusets state legislature requires that all biodiesel plants be subject to a life 
cycle analysis to certify that it’s total emissions are at least 50% below those of fossil diesel 
[Biofuels news, 2009 (August 19)]. This means that all second- and third generation 
biodiesel produced from non food stocks cannot be blended into diesel. Also biodiesel made 
from non foods stocks such as jatropha, camelina and algae cannot be used. 
 
In Europe biofuels are subsidised through firstly, agricultural subsidies granted within the 
framework of the Common Agricultural Policy (CAP). Secondly, total or partial de-taxation is 
practised as energy taxes comprise approximately half of the final price of petrol and diesel. 
Thirdly, biofuels obligations such as the 2003 Union Directive suggested that the share of 
biofuels in the energy used for transport should be 2% by 2005 and 5,75% by 2010 [Russi, 
2006]. Russi comes to the conclusion that the role of policy makers are crucial as “the 
amount of biodiesel to be produced is a genuine political decision and does not really 
depend on market trends” [Russi, 2008]. 
 
It is instructive to briefly examine the policies of two countries that seem to be highly 
successful in establishing and promoting biofuels industries, namely Argentina and Brazil. In 
Argentina law 26.093/2006 and a regulatory decree issued in 2007 involved a regulatory and 
promotion regime for sustainable production and consumption of biofuels [Lamers, 2008]. 
Some important stipulations are: 
 

 The description of the government support framework and its production criteria for 
tax exemption over 15 years. 
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 The criteria to be granted tax exemptions: 
             -At least 50% of the plant has to be owned by an authority (State, province,  
              municipality) or a physical or judicial person active in the agricultural sector. 
             -The facility has to comply with quality and efficiency requirements as set   

                    by the national application authority. 

 The ranking of recipients (Small and medium sized enterprises, agricultural 
producers and regional economies) will be prioritised. 

 The set-up and definition of a national application authority under the Secretary of 
Energy. 

 The definition of biofuels. 

 The definition of a minimum blending requirement for biofuels into fossil fuels from a 
point in time. 

 
In Brazil, Law No. 11097 dated January 13, 2005 defined how biofuels derived from oils and 
fats are introduced in the Brazilian energy matrix [Pousa, 2007]. Some important definitions 
in this law are: 
 

 Biofuels are defined as energy carriers that can partially or totally substitute fossil 
fuels. 

             -Parameters for biodiesel in terms of quality. 

 Tributary rules for biodiesel were established with three distinct levels of reduction, 
for example a 100% reduction for castor seed produced in the semi-arid northeast by 
family or subsistence agriculture. 

 Social fuel labels providing fiscal exemptions and favourable financing from 
institutions and banks. 

 Biodiesel auctions to commercialise biodiesel supplies. 

7.7.1  Fiscal issues 

 
The EU Directive 2009/28/Eg for the promotion of the use of energy from renewable sources 
(EU RED) requires a future minimum greenhouse gas (GHG) reduction potential for biofuels, 
as well as requirements for the protection of natural surfaces and a sustainable agricultural 
management [Oehmichen, 2010]. In terms of EU RED, biofuels have to prove a fixed 
greenhouse gas reduction potential in relation to a defined fossil reference value for different 
times, in the case of soy biodiesel a target of 35% GHG mitigation.   
 
In contrast, the South African Treasury in the 2010 budget speech announced a “green tax” 
on new vehicles that was to be implemented on September 1, 2010. This tax will be payable 
on new vehicles emitting more than 120 g/km CO2 at a rate of R75 per g/km, these vehicles 
being passenger vehicles and light commercial vehicles. In the EU a CO2 tax on light 
commercial vehicles is planned to be implemented only as from 2014 [Lamprecht, 2010]. For 
South Africa it is projected that this tax will earn the fiscus R1,6 billion  for cars and R800 
million for light commercial vehicles. In the South African case there is no incentive to use 
renewable fuels. 

7.7.2  Regulations 

 
In the U.S. biofuel companies have to be 51% American owned to be eligible for funding. For 
the Claypool, Indiana Louis Dreyfus Agricultural Industries LLC (LDAI) Biodiesel and 
Soybean Processing Plant for being denied funding, this rule is being challenged for 
unconstitutionality in the District Court of Columbia. The parent Louis Dreyfus company 
based in Geneva, Switzerland, believes that normal protocol was not followed by the USDA 
in implementing the rule. Also LDAI complains that for producers of advanced biofuels within 
the meaning of the Advanced Biofuels Statute, this rule is not valid [Geiver, 2010]. 
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In South Africa all biofuels manufacturers are subject to the provisions of the Petroleum 
Products Act of 2003 and are required to apply for a manufacturing licence. Manufactureres 
for own use still have to register with the Petroleum Controller and provide annual statistics 
on crop utilisation, production capacity and product use [DME, 2009]. The Department of 
Minerals and Energy issued criteria for licences to manufacture biofuels, these being that 
crops used for the production of biofuels must not have negative environmental impacts on 
South Africa during processing and storage. Secondly, the production of biofuel under 
irrigation will in general not be allowed. The guidelines that must be adhered to for the 
production of biofuels can be summarised as follows: 
  
                 1. Crops for biofuels are as contained in the biofuels strategy discussed in  
                     Chapter 4 of this dissertation. 
                 2. Maize and jatropha are not permitted crops. 
                 3. Feed stocks imports are not allowed. 
                 4. Only at inception will certain feed stocks not available locally (soya   
                     beans) be allowed for importation. 
                 5. Feed stock must be cultivated and sourced from the designated areas -  
                     underutilised land and emerging farmers – and where commercial   
                     farmers and producers are used, the phase-in plan and period need to 
                     accommodate emerging farmers and underutilised areas. 
                 6. For the 2008-2013 phase, commercially proven technologies are  
                     required. 

           7. All biofuels and products must meet prescribed SANS specifications   
               and standards. 
           8. The utilisation of by-prducts needs to be clearly indicated with proof of 
                off take agreements. 

 9. Off take agreements with users are required. 
10. Agreements on blending and blending facilities are required. 
11. Approvals from government departments and other bodies as required  
      by legislation is required. The departments include Agriculture, Land   
      Affairs, Environment and Water. 

 
While the above directives have not been examined in depth, there are certainly some 
challenging requirements in complying with them. Legislators do have the ability to formulate 
requirements with unintended consequences, a current matter not considered by the U.S. 
authorities as yet, the provisions of Section 526 of the Energy  & Security Act of 2007. 
 
In terms of this Section, with the exception of NASA, all federal agencies are prohibited from 
purchasing carbon-intensive unconventional fuels for any mobility-related use, except if the 
fuel on an on-going basis has life-cycle greenhouse gas emissions less than or equal to the 
equivalent fuel produced from conventional petroleum sources. Tar oil sands emit between 
1,4 and 3 times more greenhouse gas than conventional crude oil production and are 
therefore precluded from being used by U.S. federal agencies. 

7.7.3  Taxes 

 
Taxes related to fossil fuels, and for that matter biofuels, can have a huge impact on the use 
of biofuels. In Germany the motor fuel tax is based on mineral fuel. Since biofuel is not a 
mineral fuel, it can be used for motor transport without being taxed. With low prices for feed 
stocks, biodiesel production can then be very profitable, thus in Germany there was a huge 
investment in biodiesel production [Bozbas, 2008]. 
 
In August 2006 an energy tax of €0,09/l was introduced in Germany which increased to 
€0,18/l in 2009. For non-integated facilities this meant that the comparison with diesel 
(€0,92/l excluding VAT) resulted in an under-compensation of €0,15/l for biodiesel when the 
following input costs are considered: Rapeseed oil ex mill €0,55/l; refining (cleaning and 
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preparation for esterification) €0,09/l; esterification minus glycerine credit €0,09/l; logistics 
€0,08/l; added technical expenses €0,03/l; excess consumption €0,05/l; purchase incentive 
€0,05/l; these figures adding to €1,07/l  [Bockey, 2010]. In Mexico, on the other hand, there 
is a Special Tax on the Production and Services (IEPS) which accounts for 50% of the 
consumer price for diesel. If this tax is added to biodiesel costs, it is not competitive [Lozada, 
2010]. 
 
In the U.S. a biodiesel tax credit was passed in 2004 and it is now part of the Emergency 
Economic Stabilization Act of 2008 (P.L. 110-343) [Urbanchuk, 2009]. This act allows for 
biodiesel produced from virgin feed stocks such as soybean oil and non-virgin feed stocks 
such as yellow grease and animal fats to qualify for an excise tax credit of $1,00 per US 
gallon (R1,85/l at $1=R7,00). It has the effect of reducing the price of biodiesel compared to 
petroleum diesel and as it increases domestic demand in the U.S., it provides an incentive 
for producers to increase investment and output [Urbanchuk, 2009]. 
 
As briefly indicated in Chapter 2, it is clear that most if not all 173 biodiesel plants in the U.S. 
cannot be viable without the $1/ US gallon tax credit. For that reason, presumably, the 
biodiesel industry considered it a “win” when the U.S. House of Representatives passed 
legislation in June 2010 to extend the credit until the end of 2010 [Biofuel-news, 2010 
(June1)]. In the mean time the second quarter 2010 reports from the U.S.  biofuel industry 
showed a devastating position on the earnings of producers. In the Biofuels Digest of August 
14, 2010, it showed that Greenhunter Energy had a loss of $1,5 million in Q2, Colorado 
Biodiesel Energy a loss of $9,4 million, and Florida Dyadic $1,4 million, to name but three 
biodiesel producers. On 17 December 2010 the tax relief was signed into law with retroactive 
effect by Pres. Obama through notice HR4853. This means that the tax credit on which U.S. 
suppliers rely to have profitable biodiesel production, was in force at least for 2011. 
 
The effect of the expiry of the $1/US gallon biodiesel tax credit, as it was experienced prior 
to the promulgation of notice HR4853, had been more widespread than just affecting U.S. 
producers. As an example BIOX Corporation, the Canadian producer that uses a co-solvent 
in the transesterification process, had a loss of $1,5 million in its third quarter of the 2009 
financial year compared to a corresponding net loss of $16 million in 2010 – which it said 
was primarily due to the impact resulting from the tax credit issue. It was hoping that its 
fortunes will change with the implementation of the RFS 2, which puts a requirement to 
blend 1,145 billion US gallons in 2010 and 2011 [Sims, 2010]. 
 
Argentina has an export tax of 18 percent on biodiesel [Voegele, 2010]. This compares with 
an export tax of 32 percent on soybean oil. This is an interesting way of protecting a 
country’s biodiesel producers if the biodiesel industry can produce for the local market as 
well as the export market. Alternatively it means that the local market benefits by 18% on the 
biodiesel price. 
 
If the market demand in a particular country or block of countries grows due to legislation, it 
is conceivable that the related local capacity cannot necessarily meet the demand over the 
short to medium term. As an example the 2010 specification in Spain required the use of B7. 
In the EU, Argentinian biodiesel is not subject to the 6,5 percent import tariff duty levied 
against foreign imports and it meant that Spain could import its shortfall. The effect of these 
taxes in 2010, at least for Spain, meant according to a Spanish renewable energy 
organisation, that 60 percent of the biodiesel utilised was imported while 75 percent of 
Spain’s 46 biodiesel plants with a combined capacity of 3,7 million tonnes were standing 
idle. In 2008 only 207 000 tonnes were produced in Spain. Similarly the Arbeitsgemeinschaft 
Qualitätsmanagement Biodiesel e.V. estimated that for internal competition and imports, 
German biodiesel producers are operating at less than 50 percent of capacity [Voegele, 
2010]. 
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For the EU, Argentinian imports reached 850 000 tonnes in 2009 and 260 000 tonnes in the 
first quarter of 2010, according to Eurostat. This was ascribed by the European Biodiesel 
Board to an artificial mechanism of Differential Export Taxes (DET) [EBB, 2010]. The export 
duty of Argentinian biodiesel and import duty free position, together with Malaysia and 
Indonesia under a generalised System of Preferences (EU GSP scheme), gave an 
effectively applied rate of 14,6 % for Argentinian biodiesel. 
 
For Malaysia however  local palm-based biodiesel is not subsidised and the country cannot 
compete with the Philippines, Argentina and Colombia., all countries who are heavily 
subsidising their biodiesel product [Adnan, 2010]. This resulted in virtually a standstill in 
Malaysian biodiesel exports as mentioned in Chapter 3. Also in Malaysia, the government 
subsidises petroleum fuel by about RM20 billion to RM25 billion. It is estimated that if 
biodiesel replaces 5% of petroleum diesel,  another RM300 milllion per year will be added to 
the government’s subsidy bill [Adnan, 2010]. The diesel subsidy is 58 U.S. cent per litre or 
1,75 ringgit/l. 
 
For the U.S. producers, the EU imposed dumping duties as high as €237 per tonne when 
their share of the European market rose from 0,1% in 2004 to 1,14 million tonnes in the 
twelve months through March 2008, the imports worth €700 million [Biofuel-news, 2009, 
(November 4)]. Towards the end of 2009, some 140 000 tonnes of biodiesel in the form of 
blends not covered by duties entered the European market. Traditional shipments were 
worth $1 billion a year (€672 million). The European Biodiesel Board (EBB) considered U.S. 
competition  as unfair and saw this as the driver for 50 percent of biodiesel capacity being 
idle in 2008 and 2009 [de la Hamaide, 2010]. Following the EU measures to prevent the 
dumping of American B99 biodiesel described earlier, the practice in July 2010 was to trans-
ship the U.S. biodiesel via non EU destinations such as Canada and the production of 
artificial blends (typically B19) [EBB, 2010]. 
 
For South Africa, with uncertainty on the imports of biodiesel, it needs to be assessed 
whether imported biodiesel, possibly even in a blend with fossil diesel, is not cheaper than 
biodiesel to be produced locally. This topic is considered in section 5.10 on import and 
export parities. In the Draft Regulations on mandatory blending of biodiesel  R.745 in Section 
3. (1) it states that “(a)A licensee may only purchase biofuels from a licensed manufacturer 
of biofuels in the Republic”  implying that biodiesel cannot be imported. 
 
There are two sections in the South African Tax Amendment Act dealing with tax exemptions 
to encourage businesses to go green [Fourie, 2009]. Section 12K deals with exemption, 
subject to meeting certain minimum requirements, of amounts received or accrued or 
expected to be received in respect of disposing of “certified emissions reductions” (CERs) for 
the purposes of income tax, including capital gains tax. The exemption is effective for 
disposal of CERs occurring after 11 February 2009 in respect of “clean development 
mechanism” (CDM) projects registered on or before 31 December 2012. Section 12L allows 
for a Notional Allowance calculated as fifty percent of energy efficient savings multiplied by 
the applied rate which is the lowest feed-in-tariff rate in Rands per kWh issued by the 
National Energy Regulator. The rationale on the Section 12K exemption for (CER) on   
(CDM) projects, which must be approved by the South African Department of Energy and 
registered with the United Nations, has to do with investment to reduce greenhouse gas 
emissions. The Kyoto protocol on climate change allows developed countries with a 
greenhouse gas reduction commitment to invest in projects that reduce emissions in 
developing countries, as an alternative to more expensive reductions in their own countries. 
The CERs generated are tradable between the developed and developing countries. 
 
The Section 12L allowance seeks to encourage businesses to spend more capital on more 
sustainable energy sources. This stems from the perception that the pay back period is too 
long in savings on energy to match the capital outlay on more energy efficient sources 
compared to electricity from coal, to mention but one case. Secondly, the capital expenditure 
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by tax payers are substantial in fossil fuel sourced power plant for electricity and more so for 
plant from renewable energy sources. 
 
If the Gauteng wholesale price for 0,05% sulphur diesel of 703,45c/l for December 2009 is 
analysed, it can be seen that taxes and levies constitute 29,31%. The history on the taxation 
of diesel is presented in  Table 7-22 [SAPIA, 2010]: 
 
Table 7-23  History of taxes and levies in cents/litre for diesel in South Africa from 1988 to 2009   
                    [SAPIA, 2010] 

 

 
 
The price of diesel to the user is regulated monthly with an import parity type mechanism. 
The formula to calculate the price was put in place during March 2003 and revised in 
November 2008 [Williams, 2011]. For diesel with a sulphur content of 0,05%, in terms of the 
formula, the ex-refinery price is determined by taking the average price at Italian refineries 
and the average price at Arabian refineries in the ratio 1:1 in US dollars(US$) and converting 
it to Rand/litre at 11.00 each work day at the US$ : Rand exchange rate ruling at that point in 
time  at the four major South African banks. To the ex-refinery prices, freight charges to the 
port Augusta in Sicily for Italian diesel and to the port Mina AL Ahmadi for diesel from the 
Arabian sources are added. To this fob price, storage, sea freight and insurance costs are 
added, as well as freight levies in terms of the Transnet National Ports Authority rulings to 
arrive at a basic diesel price in South Africa. The price to the user is then determined by 
adding the imposts in line with Table 7-22 and the wholesaler and retailer margins. An 
objective with the current formula is to protect local refineries and prevent oil companies 
from withdrawing from the local market, in the face of current world wide excess refining 
capacity [Williams, 2011]. Biodiesel producers will be exempt from paying the full fuel levy.   
 

Stellenbosch University http://scholar.sun.ac.za



277 
 

The tariff structure of soya beans and soya bean oil cake meal imposes duties under 
heading 12.01, subheading 1201.00 at a rate of duty of 8%  for soya beans (kg), whether or 
not broken and under 23.04, subheading 2304, 6,6% in kg for oilcake or other solid residues. 
From July 2008 to 30 June 2011 a rebate was applicable on soya oilcake. There was also a 
rebate allowed for soya beans imported for biodiesel manufacture [ITAC, Republic of South 
Africa, Report 239, 2008]. 

7.7.4 Factors influencing the choice of location for the production of biodiesel 

 
There are a number of factors to consider in finding cost effective locations for biodiesel 
production facilities. Feed stock availability, competition with food- and feed final product, 
transportation and end use have to be addressed to know where biodiesel (FAE or FAME) 
can be produced at optimal cost and minimal environmental impact [Bloch, 2008]. 
 

1. The diesel specification SANS 342:2006 allows for a fatty acid methyl content of 5% 
by volume in diesel which could be blended in at the refinery or at any blending 
facility such as an existing fuel depot. Capital expenditure would be required at the 
facility, mainly for tanks and blending infrastructure such as pumps, metering facilities 
and piping/instrumentation [SAPIA, 2009]. 

2. The movement of fuels, including jet fuels, is mainly by multi-product pipelines which 
are key to the national fuel logistics supply chain. These pipelines carry jet fuel in 
block operations where the product types are segregated by interface mixtures which 
minimise mixing. The carrying of biodiesel, and more particularly ethanol, will have to 
be certified as being acceptable by the relevant jet fuel codes [SAPIA, 2009]. It is 
also known that biodiesel has better solvent properties than diesel and will have a 
cleansing effect in the pipes and introduce particulate matter in products and 
compatibility problems with seals. 

3. At present, diesel is manufactured at six refineries in South Africa with the local 
shortfall being imported. If the U.S. could be taken as an example, in late April 2009 
there were 103 operating biodiesel plants with the top three states for locations being 
Texas (20 plants), Iowa (13 plants) and California (14 plants). For Texas and 
California proximity to petroleum refining and blending plants is a factor while in Iowa 
location depends on plentiful supplies of soybean oil [Wisner, 2009].  

4. As logistics concerns play a crucial role in the final site choice, in France most of the 
fatty acid ester (FAE) plants are erected close to big distribution spots in the biggest 
agricultural area. Generally these plants are then also in the proximity of French 
petroleum refineries as the shorter transportation time reduces the impact of lower 
oxidation stability of the fuels [Bloch, 2008]. 

 
In general, relevant feasibility studies suggest that several factors are to be considered, the 
most important factors being associated with operating costs [van Wechel, 2003]. The 
factors are availability and cost of feed stock, transportation, electricity and water. On feed 
stock, the plant should be located close to a crushing facility or where good infrastructure 
exists to transport oil to the plant from other crushing facilities. On products, two key issues 
are  how much biodiesel can be sold within a 320 km radius and the market access and 
costs for other products like glycerol and meal, in the latter case if it is an integrated facility 
[Dunford, 2008 (Mitchell)].  
 
In a competing environment, key factors identified for site selection are [REMCO, 2006]: 
 

 Proximity to low cost feed stock (such as soy oil refining). 

 Proximity to markets. 

 Rail and road access. 

 Availability of skilled process plant labour. 

 Rural location. (to qualify in the U.S. for loan guarantees) 

 6 – 10 acre site (2 – 4 ha) 
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 Free of environmental contamination. 

 Reasonably priced utilities. 

 Co-locating at an industrial facility. 

 Ease of securing the necessary permits. 
 
If biodiesel is not marketed as a B100 product to a specific large commercial customer such 
as an open cycle gas turbine plant or a huge mining operation, it has to be assumed that its 
consumers will have the same distribution as for fossil diesel and can be considered on a 
provincial basis. For the BD02 blend the same pattern and volumes as per the SAPIA figures 
given in Chapter 4 can be used. Furthermore, in Chapter 5 the production volumes of the 
oilseed crops identified in the Biofuels Industrial Strategy were shown on a provincial basis. 
Assuming oil yields of 18% for soya beans, 40% for both sunflower and canola respectively,  
Table 7-23 can be compiled using average densities for the oilseeds and biodiesel as 0,88 
kg/l. Figures for the 2008/09 season and SAPIA 2009 financial year are shown. 
 
Table 7-24  Biodiesel required as a 2% blend in diesel compared to vegetable oils  
available in the various provinces in South Africa 
 
                                                            Oil product (l/y) 

 
Province          Diesel consumption Biodiesel    Soybean oil     Sunflower oil     Canola oil 

 
Gauteng           2 288 314 281        45 766 285     2 535 340        4 772 727          - 
KwaZulu-Natal 1 733 867 818        34 677 356     1 546 636             -                    - 
Western Cape 1 488 850 645        29 777 012          -                      318 181      15 909 090  
Mpumalanga   1 280 977 162        25 619 543    52 414 772       17 181 818          - 
Free State          848 918 694        16 978 373    20 250 000     178 181 818          - 
North West         651 722 433        13 034 448      3 772 727     141 136 363          - 
Eastern Cape     617 616 189        12 352 323         337 500            345 545          - 
Limpopo             486 862 771          9 737 255      9 000 000       40 909 090           - 
Northern Cape   365 245 898          7 304 917         460 227            568 181           - 

  
Totals             9 762 375 891        195 247 512    90 317 202     383 413 723     15 909 090 
 
 
If it is assumed that there was 35 000 tonnes of canola produced in South Africa in the 2010 
season; the 2010 season estimates for soya beans being 469 000 tonnes and sunflower 811 
000 tonnes respectively, this equates to 422 820 tonnes of oil produced. It is clear that if all 
the oil produced is devoted to biodiesel production, South Africa can satisfy the demand if 
biodiesel is used in diesel as a 2% blend by volume. In reality there is a shortage of 
vegetable oils and more particularly oil cake in South Africa, and thus it has to be assumed 
that there is no feed stock available for biodiesel production.  
 
The Free State can satisfy the total demand for vegetable oil for biodiesel production, while 
three provinces have enough oil available to feed a 40 000 tonnes per year biodiesel facility. 
Furthermore, the production of sunflower seed by the Free State and North West province is 
consistent, as shown by the 2001/02 and 2002/03 seasons’ statistics respectively (Free 
State - 443 000 and 372 000 tonnes; North West – 364 000 and 253 000 tonnes) [NAMC, 
2004]. 
 
In terms of biodiesel demand, only Gauteng can support a 40 000 tonnes/year biodiesel 
plant. Again the real life situation is far more complex, as the location of one or more 
biodiesel plants can be such that they draw feed stock from Mpumalanga and the Free 
State, but supply Gauteng with product. Also the locations of present oilseed crushing 
facilities need to be taken into account, the interesting observation being that the large oil 
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refiners are close to the Gauteng and coastal markets. It is clear that in the short term the 
Eastern Cape does not have the demand, neither the feed stock available to support a 
commercial biodiesel plant. This is said, recognising that the directives associated with 
biodiesel production will not support imported feed stock. Preferred locations for a biodiesel 
facility seem to be the Secunda area, the Sasolburg/Vaal area or the Randfontein/Tarlton 
area, due to the existence of blending/storage depots. 
 
For German plants, the biggest plant is located  at Hamburg (580 000 tonnes/year), no doubt 
for ease of export as well [Bockey, 2010]. Two other plants in the Swiss Glencore group, the 
owner of the Schwarzeheide plant, are a 200 000 tonnes/year plant at Rostock, an East 
German port, and a 650 000 tonnes/year plant at Rotterdam [Hogan, 2011]. Secondly a 
reason for the closure of the 150 000 tonne/year plant at Schwarzeheide in June 2011, in a 
market with overcapacity problems, is the fact that it is an inland plant far from export ports 
[Hogan, 2011]. These facts lead to the conclusion that a plant located at a port could be 
supported, were it not for the fact that the aim of the South African Industrial Biofuels 
Strategy is to look after the home market. 

7.8 Cost estimates for a 40 000 tonnes per year biodiesel plant 

7.8.1 Assumptions on fixed capital costs (FCC) estimates 

 
In this section, the costs derived from budget quotations and estimates as detailed in the 
itemised equipment lists presented in Appendix B of this dissertation for three different 
process routes are listed. The three different process routes considered are the widely 
practised homogeneous alkali catalysed alcoholysis (HACA) process, the enzymatic 
catalysed alcoholysis (ECA) process and the non-catalytic supercritical alcoholysis (SCA) 
process. In all cases continuous production for 8 000 hours/year was assumed so as to 
represent a name plate capacity of 40 000 tonnes/year. 
 
The information available from a considerable number of feasibility studies, some of them 
listed in Appendix C, was perused and remarkably many inconsistencies were found, thus a 
South Africanised estimate using factors, escalation formulae and currency conversion rates 
was judged to be misleading as to  present day costs. Also some researchers pointed to the 
costs associated with storage in relation to the total capital cost [Haas, 2006; Apostolakou, 
2009]. From information available on operating plants, as described in section 7.3.2.6 of this 
dissertation, a higher confidence level could be achieved on the sub-estimate on tanks. This 
was coupled to the availability of two detailed priced bills of quantities for  the balance of 
plant handling diesel for gas turbine plants, which had similar footprints to the biodiesel 
facility being priced in this dissertation. With what was judged to be more reliable related 
costs, the standard practice of factoring the Inside Battery Limits costs to arrive at the 
Outside Battery Limits costs and consequently the Capital Cost or fixed investment costs, 
could therefore be avoided [van Kasteren, 2007; Santana, 2009].  
 
 For major equipment items inside the process building, the capital cost components 
breakdown from a presentation by a process contractor in Figure 7.2 was used to provide an 
installation cost associated with the acquisition of equipment [Dunford (Mitchell), 2008]. A 
factor of two (2) was used to represent the installation of equipment, pipes, valves, 
instrumentation directly associated with equipment, power and instrument cabling inside the 
process building including electrical supplies. Factors available in the literature were 
therefore considered to be somewhat generalised [Seider, 2005]. The working capital cost 
(WCC) was taken to be 10% of the fixed capital cost (FCC). 
 
In section 7.3.5 the methodology used to arrive at costs for the different items of equipment, 
as developed in detail from the priced equipment lists, was given. The calculations for the 
total construction costs followed from the estimates done in section 7.3.4. From capital plant 
estimating experience, interest during construction was added to arrive at the FCC. 
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7.8.2 Total Capital Investment Cost (TCC) 

 
                                                                                    Process route costs –Rands(‘000) 
 
Description                                                                          HACA        ECA         SCA 
 
Installed Capital Cost 
 -General items, auxiliary facilities, packages, 
  common plant -(code A)                                                   57 669      58 029      58 669 
 -Specialised items – code B                                                    -              -                 300 
 -Filters and related equipment – code C                                197           197            197 
 -Distillation columns, process vessels 
  and flash drums – code D                                                  2 565       10 150      15 757 
 -Heat exchangers and heat transfer equip- 
  ment – code E                                                                       418            583      65 900 
 -Storage tanks and vessels – code F                                35 875       43 259      35 679 
 -Separation columns, centrifuges and 
  decanters – code HC/D                                                    23 755       18 664        7 128 
 -Flow splitters – code FSP                                                       75         -                      50 
 -Pumps – code L                                                                 3 604         4 282         3 940 
 -Mixers – code M                                                                    576            442            229 
 -Reactors – code R                                                             2 248        14 464       20 760 
 -Vacuum driers, evaporators – code V                               1 840           -               - 
 -Strippers and wash columns – code H                              1 928          1 928        - 
                                                   Total installed cost      130 750     151 998     208 609 
- Earth works and civils                                                        5 047          5 047         5 047 
 -Process structure                                                               1 744          1 744        1 744 
 -Administration- and other buildings                                    1 498          1 498        1 498 
 -Warehouse/stores                                                              2 616          2 616        2 616 
                                            Total construction cost      141 655      162 903     219 514 
 -Development costs and contingencies (5%)                      7 083          8 145         6 688                    
 -Project management and construction supervision          11 332        13 032       17 561  
 -Interest during construction (10% p.a.)                               6 410          7 180        8 280      
 -Cost of land                                                                       15 000        15 000      15 000 
 
                                           Fixed capital cost (FCC)      181 480       206 260    267 043     
                                        Working capital cost (WCC)        18 148         20 626      26 704 
 
                       Total capital investment cost (TCC)       199 628      226 886     293 747 
 
Notes: 

1. For the SCA process route, in generating budget quotation 711542-WSA-004 from 
the GEAGroup, the project (R85,76 m) was handled to incorporate development 
costs and contingencies, thus in the above figures for the reactors and heat 
exchangers, the relevant projections were done to avoid double counting. Also 
installed costs were calculated at 1,2 of base module or equipment cost, as for the 
centrifuges which should be viewed as packages.  

2. It may be a conservative view, but project management and construction supervision 
estimates at 8% of total construction cost were done on the total installed costs. This 
figure includes procurement, cost and planning.  

3. A construction period of 1 year was assumed, with payments for land during the first 
quarter and for big-ticket items in the final quarter respectively. 

4. Excluding the balance of plant costs, tanks comprise 49%; 46% and 24% of the 
installed costs for major equipment for the listed three process routes. 
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7.8.3 Total manufacturing and operating costs 

 
                                                                           Process route – Rands (‘000) 
 
Description                                                                     HACA        ECA          SCA 
Direct operating cost (DOC) 
 -Manpower                                                                    24 630     24 630        24 630 
 -Oil feed stock (R10 390/tonne)                                   415 600   415 600     415 600 
 -Chemicals, reagents and solvents 
     -Methanol (include 5% evaporation loss)                   14 504     14 208       16 872 
     -Caustic soda (NaOH)                                                   334            334           - 
     -Hydrochloric acid (HCl)                                                844            -                - 
     -Phosphoric acid                                                           338            338            - 
     -Citric acid                                                                     341            -                 - 
     -Sodium methylate                                                     9 120            -                 - 
     -Hexane (evaporation losses @ 5%)                             -              5 250         5 250     
     -Acetone (evaporation losses @ 5%)                            -              2 062           - 
     - Enzymes (12 charges/year)                                         -    20 400 000            - 
 -Utilities 
     -Electricity                                                                   1 440         1 840          2 400 
     -Sasolgas                                                                  40 460       51 000      323 000 
                -Low pressure steam -2 barg      Boiler and water treatment allowed in FCC  
                - High pressure steam – 10 barg   “        “        “           “              “       “    “ 
                -High pressure steam – 15 barg    “        “        “           “              “       “    “ 
     -Process water                                                              128            640          19 200 
     -Cooling water                                                           16 000      16 000          35 200   
     -Waste water (disposal)                                                 640           640               640 
                                                               Sub total        524 379 20 932 542      842 792 
 -Maintenance and repairs (M & R): 10% of FCC           18 148       20 626        26 704 
 -Operating supplies: 15% of M & R                                 2 722         3 094           4 006 
 -Laboratory and quality testing (50 tests@ R8 000)           400           400               400 
 -Patents and royalties                                                        -                -                   -  
                      DOC sub total (excluding enzymes)   545 649     556 662       873 902   
 
Indirect operating costs (IOC): 
 -Trade Associations/unions/overheads @ 2%             10 913        11 133          17 478 
 -Local tax and service fees (R60/m².y)                          3 000          3 000            3 000 
 -Insurance (0,5% of FCC)                                                 907          1031             1 335 
 -Distribution and selling costs @ 5%                           27 282        27 833          43 695  
 -Research and development @ 1%                              5 456          5 566             8 739 
Depreciation (33, 3% of FCC)                                      60 614        68 753           89 014 
Glycerine credit (4 000 tonnes)                                    (6 612)      (27 696)        (27 696) 
 
Total manufacturing cost                                        647 209      646 282      1 009 467 
                            (add enzymes)                                    -        21 005 225               - 
 
If energy conservation is practised: 
 -Utilities 
  -Sasolgas                                                                   40 460        51 000          45 000 
  DOC sub total (including energy conservation) 545 649       556 662        595 902 
Indirect operating costs (IOCEC)                                 101 560        89 620         113 325 
Total manufacturing cost (DOC +IOCEC)                647 209       646 282        709 227 
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Notes: 
 

1. Minimal costs were assumed as indirect cost as the facility will supply to diesel 
distributors and oil companies at an ex factory price. 

2.  The incentive to depreciate the fixed capital cost at the ratio 50:30:20 over 
three years is not a short term profit generator as a result of the direct operating 
cost exceeding the revenue if no premium is payable on biodiesel sales. 

3. In all calculations Value Added Tax was excluded. 
4. The enzyme cost, being R17 000/kg, adds a cost of R448,80/l to the total 

manufacturing cost using the enzyme process route. Even if the reactor 
columns are only recharged once a year, the enzyme cost will still amount to 
R37,40/l, giving a biodiesel cost of R51,61/l. 

5. The SCA flow sheet in section 6.6 has been designed to practise heat recovery 
with the heat transfer equipment and reactors. Only during start-up, the 
temperatures of reactants have to be increased to reach a stable state 
operating temperature. With continuous production and effective insulation of 
relevant equipment, a 10% heat loss to the atmosphere can be assumed. Utility 
consumption will stabilise and the manufacturing cost will be reduced by R300 
240 000. 

7.8.4 Cost estimates highlights 

 
An extensive amount of work was done in Chapter 6 to review aspects of technologies to do 
with biodiesel, acyl acceptors, co-solvents and associated products and developing process 
flow sheets. Estimates were compiled in this chapter, having ascertained costs from the best 
sources available as summarised in Appendix B, and the computed Total manufacturing 
cost (October 2011) for a biodiesel facility with a capacity of  40 000 tonnes/year translates 
to : 
 Total biodiesel cost (R/l) – S.G. = 0,88:   14,24 (HACA); 14,21 (ECA); 22,21 (SCA). 
 
Steady state operation with energy integration: 
 
Total biodiesel cost (R/lEC) – S.G.=0,88:  14,24 (HACA);  14,21 (ECA); 15,60 (SCA) 
 
 These costs compare to the retail price of R10,30/l for diesel in the Johannesburg area in 
October 2011, which translates to annual revenue of R468,182 million. 
 
There is a 13,7% cost difference between the total capital investment cost for the HACA 
process route and the ECA process route. In the latter case, higher costs are projected for 
the packed column reactors, the tanks and the distillation equipment. 
 
There is a 47,1% cost differerence using the same comparison for the HACA process route 
and the SCA route respectively. As expected, the high pressures and temperatures 
introduced, have a significant effect, but on the other hand the separation equipment and 
tanks cost less than in any of the other two cases.  
 
If the fixed capital costs available from other researchers at comparable capacities are 
adjusted with CEPCI indices as found in section 7.5 in this chapter, the following 
observations can be made: 
 
The fixed capital costs calculated for the HACA process route are within the range calculated 
as adjusted costs to allow for currency fluctuations and escalation. From the CEPCI factors, 
as at the published May 2011 date, the cost is the same as in 2008, due to the world wide 
economic turn down. 
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As expected, the feed stock cost is the most significant contributor to the direct operating 
costs, albeit that in the case of the calculations for the SCA route, energy costs are 
significant. The factual position is that the feed stock and other reagents have to be heated 
to 300ºC and biodiesel is purified using distillation. As illustrated, the design practice 
followed, will have a remarkable effect at steady state operation, and then in the three cases 
the biodiesel costs will be less than 10% different, with biodiesel costs in the SCA the higher 
figure. 
 
The pressure and temperature requirements in the SCA process route predicate the use of 
sophisticatedly manufactured heat exchangers and reactors with the implicit costs so being 
attracted. Mechanisms to reduce these costs will be discussed in the sections on 
sensitivities and optimisation in Chapter 8. Also in Chapter 8 the use of carbon steel is 
considered for some of the heat exchangers and reactors, and it is possible that in the 
process, shorter plant lifes will prevail for these items of equipment. In view of the favourable 
position with depreciation and if the replacement costs can be written off in terms of tax as 
capital costs, it makes the SCA costs more attractive over the longer term. Both the ECA 
and SCA have distinct advantages in terms of environmental considerations and pollution 
issues. 
 
The methodology used to assess the fixed capital cost by doing the mass and energy 
balances, issuing preliminary specifications for items of equipment and then compiling priced 
equipment lists, as recorded in Appendix B, together with the estimating work done, has 
probably resulted in a world first on accuracy for the projected costs for the two process 
routes where no commercial plants of the chosen capacity exist at present. Furthermore, up 
to now, uncertainty existed as to the projected costs for the conversion section in the SCA 
process route. By developing the notes enclosed in section 11.2.4.4 from which one of the 
most experienced supplier/fabricators in South Africa, the GeaGroup, could do mechanical 
designs and present a budget quotation, a more confident position was established on the 
relevant projected cost for a commercial plant. 
  

Stellenbosch University http://scholar.sun.ac.za



284 
 

8 FINANCIAL ANALYSES  
 

8.1  DIFFERENT FINANCIAL MODELS AVAILABLE FOR ANALYSIS  

 
In assessing the economic feasibility of commercial biodiesel production in South Africa, 
traditionally one would have looked at the financial and economic parameters in the 
conversion process for reacting an oil or fat to produce and market the biodiesel. However to 
consider all stages of biofuel production, the Life Cycle Assessment (LCA) methodology has 
been increasingly used to assess the potential benefits and/or undesired side effects of 
biofuels [Menichetti, 2009]. LCA is now more frequently used to support policy making in 
many countries and thematic areas. As an example, U.S. and Californian law require life 
cycle assessments (analyses) of greenhouse gas emissions from biofuels to consider land 
use change, whether direct or indirect [Searchinger, 2010]. The laws require quantative 
estimates of greenhouse gas reductions from biofuels considering indirect land use change 
(ILUC). The LCA methodology is regulated by the ISO 14040:2006 and 14044:2006 
standards which provides the principles, framework, requirements and guidelines for 
conducting a LCA study [Menichetti, 2009]. 
 
Searchinger suggests that good models provide only plausible scenarios and thus multiple 
models should be compared [Searchinger, 2010]. As examples, ILUC should not be 
estimated from any one land use model and climate policy nor from any one climate model. 
Furthermore, there are implicit assumptions such as whether governments will or will not 
build roads and provide infrastructure when agricultural expansion into forests or a 
previously disadvantaged area is facilitated. It is however clear that there is now a second 
generation of knowledge available, such as that presented in the Joint Research Council 
(JRC) of the European Commission in report EUR 24483 – 2010, on a new methodology 
involving spatial allocation of agricultural land to estimate GHG emissions resulting from 
global land change [Hiederer, 2010]. 
 
If a cautious approach is followed in cultivating biofuels on productive land, according to 
Searchinger, policy makers will be more wise as risks associated with ILUC and greenhouse 
gas reduction assumptions will be avoided. If biofuels use the same carbon as that used by 
crops that would have grown on the land in question anyway, more direct greenhouse gas 
savings would not result and indirect benefits would be questionable. 
 
If the objective is to have a sustainable expansion of biofuels production with a positive 
energy balance under energetic, ecological, economic and social considerations, [Carballo, 
2009], the United States Environmental Protection Agency (EPA-2009) has not found a 
model to calculate the parameters requested by the Energy Independence & Security Act of 
2007 (EISA). In terms of EISA the total greenhouse gas generation throughout the full fossil 
fuel lifecycle (GHGLCA) as it was in 2005, needs to be reduced by 50% in the case of 
biodiesel [Carballo, 2009]. The  models therefore being used to come to a cumulative 
GHGLCA, including significant direct and indirect land use changes for the complete cycle 
for the substituted fuel (in this case biodiesel) on a well to tank basis, are the econometric 
and evolution forecast models together with their data bases, (GREET, FASOM, FAPRI, 
NREL/USDA, MOVES/GREET). These acronyms respectively stand for “Greenhouse 
Gases, Regulated Emissions, and Energy Use in Transportation Model (GREET); “Forest 
and Agricultural Sector Optimization Model” (FASOM); “Motor Vehicle Emission Simulator” 
(MOVES); “Moderate Resolution Imaging Spectroradiometer” (MODIS); National Energy 
Renewable Laboratory (NREL); Energy Information Administration (EIA); Food and Policy 
Research Institute (FAPRI); and the United States Department of Agriculture (USDA).  The 
use of these models to come to a conclusion is shown pictorially in  Figure 8.1 [Carballo, 
2009]. In essence the different tools available around the conversion of biomass to biofuel 
production facilitate the comparison with fossil fuels for transportation. 
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Figure 8.1  Set of models and information bases adopted by the EPA to establish  the impact of 
each biofuel [Carballo, 2009] 
 
Although at a BD02 or 2% blending level, the total requirement for biodiesel in South Africa 
in 2009 figures will be 172 000 tonnes/year, a specific financial model can be created based 
on an impact study for the Croatian economy. In that case rapeseed methyl ester was 
assumed to be produced for a 2007 projected consumption of 40 000 tonnes per year 
[Kulišić, 2007] 
 
In order to evaluate the usefulness of the financial model used in Croatia, similarities with the 
South African position and economy such as the following can be identified: 
 

 Present biodiesel project feasibilities all indicate biodiesel projects  as not competitive 
as the price of biodiesel was projected to be at least 10% higher than that of fossil 
diesel if subsidies and tax relief are not granted. 

 A higher price for biodiesel is significant in terms of consumer’s purchasing power. 

 It is a new industry and can change the existing technical structure and transaction 
flow among other industries. 

 The biodiesel output will be fully sold to the mineral diesel sector for blending. Thus 
the same pattern for consumption will prevail. 

 The two sectors with high linkages to biodiesel production and marketing will be the 
agricultural sector and the petroleum industry sector. 

 As at present South Africa will not produce enough feed stock to meet the final 
biodiesel demand, similar to Croatia, the multiplier effect on employment and the 
economy will be outsourced to exporting countries. 

 Feasibility studies for a new economic activity normally take into account only direct 
impacts, thus underestimating social gain in terms of surplus, income and job 
creation. 

 The biodiesel sector, being new, was not included in another sector like the 
petroleum sector. 

 
The financial model preferred by the United Nations Industry Development Organisation 
(UNIDO) is the use of an Input – Output (I–O) analysis to assess the macro-economic 
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impact of biodiesel production. The framework in a complicated economy for this so called 
Leontief model is a systematic method that quantifies and records the productive relations 
among the different sectors of the economy and can be derived as a matrix X = AX + Y. In 
this case X is the vector of sectoral output and Y is the vector of sectoral final demand 
components; A is a matrix of technical coefficients. If the linear equation is rewritten as the 
inverse of the Leontief I-O system, X = (I – A)¯¹Y, it is referred to as the matrix of 
interdependence coefficients, where any exogenuous changes in the final demand vector Y 
induces changes in the gross output X of the economy [Kulišić, 2007]. 
 
Some assumptions in the Croatian model came from the European Union Biodiesel Directive 
(EUBD) and are listed below. These assumptions can be adapted for the South African 
case, in the event that a study is done using the Leontief model and modifying the 
assumptions from the EUBD.  
 

 Quantity 50 000 tonnes per year, feed stock rapeseed. 

 No substitution effects as the rapeseed growing occurs on neglected agricultural 
land. 

 The biodiesel production will be vertically integrated and it will occur in an existing 
oil-processing plant. 

 The consumer price, for in this case BD05, will be the same as for Eurodiesel. 

 The Government will not set an excise tax and the Croatian Highway fee on the 
biodiesel and will subsidise the price difference, if any. 

 There will be no change in final demand resulting from BD05 availability. 
 
To use the Leontief I-O model a biodiesel I-O block needs to be created. This can be done 
using a commodity flow approach where the value chain is given in smaller statistical units 
which are shown schematically in Figure 8.2  [Kulišić, 2007]: 
 

 
 
Figure 8.2 Schematic I-O model  [Kulišić, 2007] 

 
For the biodiesel production block the I-O model produced as a 20x7 matrix will then have as 
inputs the production chain and as outputs the 20 industries involved. These industries have 
been identified in earlier chapters of this dissertation and are the agricultural industry (seeds, 
fertilisers, planting, cropping and storage); the oil crushing industry; the oil conversion 
industry and the distribution and marketing of the products respectively. 
 
The biodiesel sector I-O table should then be integrated into a table for impact measurement 
of all the sectors of economic activity classified as for the Standard Industrial Classification 
(SIC) system where in the case of Croatia the 60 sector scheme was condensed into 40 
sectors from which income multipliers could then be calculated. Some important sectors and 
their rankings in terms of multipliers on Input and Output for impact assessment in the 
Croatian case were Financial intermediation (1; 4), Construction (3; 5), Agriculture (20; 3), 
Petroleum (5;1), Utilities (6; 7), Food and Beverages (8; 8); compared to Biodiesel (2; 2). 
 
From the model constructed for the Croatian economy, the following observations are of 
qualitative value for a South African case: 
 

Stellenbosch University http://scholar.sun.ac.za



287 
 

 With a high interrelationship the multiplier for biodiesel at 2,4897 indicates that it will 
produce for the whole economy a factor of 2,5. This compares to petroleum at 
2,1565, construction at 2,2450 and agriculture at 1,7819. Such figures indicate the 
relative value created in investing in a particular sector. The financial intermediation 
figure was calculated at 3,3039 which shows that the ability of the biodiesel value 
chain to generate household income in the economy is not very high. 

 The methodology of constructing a biodiesel production block for the purpose of I-O 
and a social accounting matrix may be applicable where biodiesel is a new activity. 

 Further research needs to be done to clarify the role of biodiesel in terms of 
employment, net tax benefits and the economic and social role of biodiesel. 

 
It is postulated that this research can be done if a systems dynamics model is constructed 
for the South African market place. A reference for this approach is available from work done 
at the James Madison University, Harrisonburg, VA, U.S.A. [Bantz, 2007]. For the objectives 
for this dissertation, these observations will not be pursued. 
 
 The Leontief I-O model used only one feed stock and there are other factors such as tariff 
protection, tax exemptions, mandates, the locations of biofuels plants and other feed stocks 
used that could be modelled to analyse the impacts and sustainability of the industry [BFAP, 
2007]. The Bureau for Food and Agricultural Policy (BFAP) sector model is a dynamic 
system of econometric equations which has the ability to model cross-commodity linkages. 
For four main industries; Livestock, Biofuels, Field crops and Horticulture, 26 commodities 
are simulated in the form of a dynamic equilibrium between all the markets at the time. The 
linkages between the various industries and the list of exogenous variables are illustrated in  
Figure 8.3.  
 
 

 
Figure 8.3  Basic structure of the system of equations for the BFAP model [Meyer, 2008] 

 
 
In the case of biofuels, if its production under a certain set of conditions is viable, a new 
equilibrium will be simulated for all the industries in the model. Also in the model all the 
determinants of supply and demand for each commodity have been identified; production, 
consumption, imports, exports and prices [Meyer, 2008]. 
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With the agricultural commodities soybeans and sunflower, the BFAP model showed that 
based on 2006 prices, biodiesel could not be profitably produced although in the case of 
soybeans, it is relatively speaking more viable as the price for its by-product created a more 
profitable environment for its producers. It was assumed that the biodiesel was sold at the 
same price as diesel but for the oil, the selling price into the human consumption market was 
significantly higher. The income from sales was taken to be 336,45 c/l whereas soybean 
derived biodiesel had a cost of 366,3 c/l (loss; 29,87 c/l) and sunflower derived biodiesel a 
cost of 598,55 c/l (loss; 262,27 c/l) The plant costs for soybean oil and sunflower oil for the 
human vegetable oil market were 529,47 c/l and 555,23 c/l respectively [Meyer, 2008]. 
 
The BAFP model can also be used to do sensitivity analysis or using BAFP terminology, 
impact analysis. This was done for two scenarios deviating from the baseline projections for 
the sector model with assumptions made for changes to the grain sector, macro-economy, 
agricultural policies, weather and technological change. 
 
Under the so termed “South Africa’s green revolution” scenario which assumed policies by 
the government to encourage the development and production of biofuels by fuel tax rebates 
and import tariffs, the “shock” or impact analysis showed that these incentives were not 
sufficient to divert vegetable oil away from the human market [Meyer, 2008]. For the 
scenario “South Africa’s green but bleak future” which assumed no protective import tariffs 
for biofuels, but provided for a tax levy of 50% and a mandatory blending policy  starting with 
2%,  the impact analysis showed that most of the biodiesel used was imported and a 
maximum of 40 million litres/year produced locally. As opposed to local sunflower cake 
production, the analysis also suggested that soybean imports and soy cake production will 
increase at the same rate from 2007 onwards [Meyer, 2008]. 
 
The researchers who reported on the BFAP model for biofuels concluded that a number of 
factors are also to be taken into consideration; the location and size of biofuel plants, 
improvement in farming practices that could reduce the cost of production, a drastic increase 
in yields of crops, climate change, the development of alternative crops, improved efficiency 
of the biofuel production process and the development of alternative markets for by-
products. Secondly, other governments played important roles in developing their biofuels 
industries. Thirdly, if informed decision making is not practised with trade-offs between 
different policy packages, a high price could be paid for decisions outside optimal policy and 
the harmonisation of various policy targets and developmental goals [Meyer, 2008].   

8.2  FACTORS FOR COMPARATIVE FEASIBILITY STUDY EVALUATIONS  

 
It has to be accepted that there has been intensive interest in doing feasibility studies for 
biodiesel production as witnessed by the number of studies summarised in 11.3.3 of 
Appendix C of this dissertation. A unique comprehensive financial model for a business case 
is not available as a result of the many divergent drivers identified in earlier chapters of this 
dissertation. If fundamentally the economic feasibility is how much it costs to produce 
biodiesel, the answer lies in comparing it with the energy carrier it is intended to replace, 
namely diesel derived from crude oil or any of the sources identified in Chapter 5.  
 
Before homing in on the cost at the point of sale compared to diesel, be it to the consumer or 
to a bulk user like a transport company or the mining industry, a few philosophical and less 
direct approaches have to be addressed. 
 

1. At the point of sale, the cost for the same volume of product could be compared. For 
the consumer at a retail level this means that for the same driving conditions and 
style of driving, the distance travelled will be shorter per unit volume by 10 – 11%. 
This is due to the petroleum diesel not being replaced on an energy equivalent basis. 
To the big operator, a substantial difference in terms of cash flow and efficiency will 
be experienced. 
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2. If the comparison has to be done in terms of the relative contributions to atmospheric 
pollution and climate warming, the following factors are to be considered: 

             -Biodiesel has different emission characteristics to diesel in that it emits   
              less sulphurous and PAH compounds into the atmosphere, but higher   
              levels of NxO gases because it is an oxygenated fuel. 
             -It uses products derived from the petroleum industry for its production  
              like diesel for tractors and energy generation, fertilisers and herbicides. 
              The use of these products lead to soil contamination and eutrophication. 
3. If there are no middle distillates available from crude oil, what is the cost or financial 

implications? Such a scenario will require a complete rethink of transportation 
modes, also as kerosene and jet fuel will not be available. 

4. If there is no crude oil available – the peak oil scenario - then the cost of biodiesel will 
have to be evaluated in the context of second generation fuels such as making 
biodiesel from biomass, secondly, a comparison with other forms of renewable 
energy such as wind, solar and nuclear fuels. The cost evaluation could also be done 
in the context of technologies associated with tar sands, oil shale or natural gas 
conversion or as an extreme scenario, reverting to pre Industrial Revolution modes of 
transport. 

5. If biodiesel use or addition to or blending with petroleum diesel at say 2% is 
mandatory, then cost does not matter. It will be added to the consumer price as for 
example taxes and duties and in the end the question will be what is the consumer 
prepared to pay? 

6. If biodiesel is added to diesel for the benefits it brings in terms of lubricity and 
different emission characteristics, then its cost has to be measured against other 
additives that can achieve the same results. 

7. If the issue is that an upper limit is placed on the amount of sulphur middle distillates 
may contain, the cost is that of providing the lubricity originally provided by the 
sulphur being replaced and the cost of modifying refineries to remove sulphur at the 
point of manufacture. This does not apply to FT fuels to the same extent, especially if 
it is derived using BTL technology. The comparison in this case will be with the cost 
of the fuel derived from the particular process like Supercetane or the Neste process; 
as other forms of alkanes with similar cetane numbers like hydrogenated vegetable 
oils and animal fats can be used. 

8. Is the comparative cost whatever it costs to not utilise the triglycerides for human 
consumption but rather for transportation purposes? In essence this is the food 
versus energy debate. Alternatives instead of triglycerides will then have to be found 
for the energy we store in our bodies or allowing the energy be stored by animals and 
birds which we then consume. Variations on this scenario turn around the use of 
wasteland. 

9. Is the cost the loss in opportunity by changing eco-friendly practices into mono 
cultures and the loss emanating from subsistence farming? 

           -The loss in turning 1 million ha of wasteland in India (Upper Pradesh) into  
             jatropha plantations has not been quantified as yet in terms of the role  
             such land plays in eco systems. 
           -We have seen what happened in Borneo and other countries where    
            palm oil plantations killed the forests and their inhabitants. 
           -We are witnessing what happens in Brazil and Argentina with mono  
            cultures and whatever that brings: 
                        -Savings on balance of payments and dependence on oil. 
                        -CO2 is being released into the atmosphere to a greater extent  

                               than the savings created by biofuel use – the ILUC principle. 
10. Is the cost that saved by letting land lie fallow in Europe and paying the farmers not 

to till the land? 
11. Is the cost of outputs of a biorefinery equitable to using FT technology and obtaining 

a number of valuable chemicals? 
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It is clear that answering the question as to the economic feasibility of producing biodiesel on 
a commercial scale could turn into a very complex treatise. For the purposes of this 
dissertation, the focus is on capital and operating cost over the short term for the different 
process routes and feed stocks identified. 

8.3  COMPARISON OF VARIOUS FINANCIAL OPTIONS AND PROCESS ROUTES  

 
A reasonable starting point in a comparison will be to consider the price of diesel as the 
commodity biodiesel has to compete with, and the prices of the feedstock in the case of 
diesel and the major feed stocks for biodiesel production. In the case of diesel the feed stock 
is crude oil and in Chapter 2  it was attempted to provide comprehensive information on oil 
prices and various factors associated with its supply internationally. Secondly, during the first 
quarter of 2011 there was an increase in crude oil prices to over US $100 per barrel, 
probably due to political upheavals and instability in North Africa, which some commentators 
suggested could spill over to other OPEC countries. It is accepted that in a particular country 
the main feed stock may be cheaper than crude oil or diesel, however in general the main 
vegetable oil feed stocks for biodiesel, they being crude palm oil and soyabean oil, are 
costlier than crude oil and diesel. 
 
As an example the position on the three commodities as reported on April 12, 2011 in Kuala 
Lumpur can be taken. Crude oil was trading at US $112 per barrel; crude palm oil US $155 
per barrel and the discount on palm oil US $180/tonne compared to soyabean oil. If the 
world vegetable oil prices for the main vegetable oils are compared, palm oil trades at lower 
prices than any of the other oils and it is justified to compare its price with that of crude oil 
and consider conversion prices to biodiesel and diesel respectively. From two sources 
consulted to get an international perspective, the Malaysian National News Agency reports 
the price of B100 biodiesel to be US $185 per barrel, indicating that the conversion margin 
from crude palm oil to biodiesel is US $30 per barrel [Bernama, 2011]. Using the factors 
quoted in Appendix A of this dissertation, this equates to a margin of US $0,18/l or €0,14/l. 
 
If the report on tax relief for biodiesel as presented in the Union zur Förderung von Oel- und 
Proteinpflanzen e.V. (UFOP) Biodiesel 2009/2010 is studied, the feed stock being rapeseed 
oil ex mill from a non-integrated facility, the information mentioned in Chapter 7 can be 
presented as in the table quoted in the UFOP report and acknowledged herewith. From the 
fact that the prices are quoted over eight periods, it can be seen that only when no energy 
tax was charged for biodiesel (Jan-Jul 2006), there was an over compensation. Secondly, 
over the period the conversion cost was always €0,13/l if logistics and added technical 
expenses are not considered. The technical expenses are decreased oil change intervals 
and oil filter changes. Also on expenses and incentives, the excess consumption for 
biodiesel has to be taken into account as well as a purchase incentive. In all cases VAT was 
excluded. It is noted that the rapeseed oil ex mill price is about ten percent lower than the 
Rotterdam canola oil ex mill price given in Chapter 5.   
 
Table 8-1  Comparison of diesel and biodiesel prices in Germany for the period 2006-2009 

 
Price (€/l)                         2006    2006    2007    2007    2008    2008    2009    2009 
                                         Jan.-Jul.  Aug.-Dec. Jan.-Jun. Jul.-Dec.  Jan.-Jun  Jul.-Dec.    Jan.-Jun. Jul.-Dec. 

Rapeseed oil                    0,56     0,56     0,54     0,71     0,87     0,74     0,54     0,55 
Oil refining                        0,04     0,04     0,04     0,04     0,04     0,04     0,04     0,04 
Esterification                    0,09     0,09      0,09     0,09     0,09     0,09     0,09     0,09 
(minus glycerine credi 

Logistics                           0,08     0,08      0,08    0,08      0,08    0,08     0,08     0,08 
Expenses, incentives       0,13     0,13      0,13    0,13      0,13    0,13     0,13     0,13 
Energy tax                        0,00     0,09     0,09     0,09      0,15    0,15     0,18     0,18 
Biodiesel total                   0,90     0,99     0,97     1,14      1,36    1,23     1,06     1,07 
Diesel price                       0,97     0,95     0,94     1,02      1,14    1,09     0,88     0,92   

Stellenbosch University http://scholar.sun.ac.za



291 
 

8.4  SENSITIVITY ANALYSES 

 
Sensitivity analysis is the act of determining the rate of change of the optimisation value with 
respect to perturbations in the constraint functions (Adapted from Wilde and Beightler, 
1971). The analysis is done because one rarely knows the constraint function with absolute 
precision, although it may nominally be a constant because of its independence from the 
problem variables. It may also change itself because of uncontrollable factors, for example 
feed stock cost in biodiesel production. In doing sensitivity analyses for various dependant 
variables, a classical mathematical approach can be followed, including sensitivity 
coefficients for analysing the effects on the value of the optimum in changing constraints, but 
for this dissertation a less rigorous approach will be followed.  
 
There are a number of approaches to sensitivity analyses at different levels in looking at 
biodiesel production. If the sensitivities around sustainable production are considered, these 
could be classified under three headings, these not necessarily ranked for the purposes of 
this dissertation. Firstly, sensitivities around economy could be examined, these being cost 
analysis and governmental policies with its related issues. Secondly, social aspects could be 
examined for the sensitivities evolving from them in the line of working conditions and health 
and security issues. Thirdly, sensitivities around the ecology can be examined, these being 
biodiversity preservation of sensitive and sensible ecosystems, soil, water and air 
conservation. 
 
 At a fairly high level one can consider different technologies, at a more micro level, plant 
size and location for a biodiesel project can be evaluated, and thirdly, within process routes 
that can be chosen, process variables can be studied in terms of the effect or 
interdependence they may have. In a techno-economic analysis of biomass to fuel 
conversion using the MixAlco process, the sensitivity of the minimum selling price to some 
key parameters such as the return on investment, overheads, fixed capital investments and 
key raw material prices were done [Pham, 2010]. For such an analysis one will have to 
isolate the cost components of the minimum selling price. This will have to be done at a 
particular capacity, as there is a relationship between the fixed capital investment and 
capacity, expressed through the power-factor empirical relationship referred as the six-tenths 
factor [Perry, 1963]. In the abovementioned techno-analysis the power factor was found to 
be 0,72. 
 
 In this section a distinction will be made on this basis, but the focus will be placed on 
sensitivities on a micro level. In this way the changes in variables may probably be better 
quantified for a particular project, in this case a 40 000 tonnes per year facility operating 
using the base-catalysed process route. 

8.4.1  Macro scale sensitivities 

 
On a project estimate basis the following capital costs for different technologies associated 
with fuel production can be projected [Peckham, 2007]: 
 
Facility                       Investment cost per daily barrel. 
 
Crude oil refinery (150,000 b/d)                                       $15 000 
 
Gas-to-liquids                                 $25 000 - $50 000 
 
FT liquids ( both BLG and waste wood gasification)                           $60 000  
 
Coal-to-liquids diesel plants                                $50 000 – 70 000 
 
No comparable figure for biodiesel production could be found in the literature. 
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8.4.2  Project sensitivities 

 
In considering the project sensitivities the main variables will be the process route selected 
and therefore the number of unit processes associated with the particular process route, the 
costs of operational variables associated with a process route and the effect of capacity in 
considering a particular process route. 
 
In terms of capacity, other researchers have shown that for the HACA process route, for 
plants with an annual cpacity of more than 40 000 tonnes, the unit cost will vary by less than 
€0,03/l or if directly changed to ZAR, R0,30/l. Also the fixed capital investment will vary 
linearly with an increase in plant production capacity [Apostolakou, 2009]. The main reason 
for this linear variation is the cost of storage tanks; this cost also being the dominant cost for 
the HACA and ECA process routes respectively. Costs associated with the heat transfer and 
reactor unit processes will be investigated separately in comments later on in this chapter.  
For manufacturing costs, the cost of feed stock dominates the unit production cost, although 
four variables, namely oil, methanol, utilities and operating labour should be considered. 
 
The amount of methanol used is related to the stoichiometric requirements and the higher 
evaporation losses encountered when higher circulating loads of methanol are present. For 
the first fill of methanol, and in the ECA process route hexane and acetone, or in the SCA 
process route an increased quantity of methanol as well as hexane, the associated purchase 
cost will be funded from working capital. 
 
 The cost of the utilities is process related and is proposed to be a topic for future and further 
work. Also the number of unit processes and the instrumentation will not be significantly 
different, thus the staff numbers for control and production can be assumed to be similar 
[Nisworo, 2005]. 
 
From the manufacturing and operating cost calculations reflected in section 7.8.3, in the 
case of the HACA process, the feed stock cost needs to be reduced by R180 million, 
alternatively the direct operational cost has to be reduced by R74 million. If waste cooking oil 
is used, then additional equipment has to be allowed for to handle the free fatty acids, water 
and other products present in the oil. Never the less, it has been determined by linear 
regression that the cost differential at 49% should mean a feed stock cost of about R200 
million in all three cases [Radich, 2007]. The ECA and SCA process routes can both 
accommodate this feed stock [Chen, 2006; Saka, 2006]. As South Africa imports a huge 
quantity of cooking oil, there has to be potential for collecting this oil after use at a level far 
higher than presently done.    

8.4.3  Sensitivity analysis on a micro level 

 
Whereas sensitivity analysis was considered at a higher level, in this section variables will be 
considered for a particular process route with a selected feed stock input. 
 
Considering the mass balance that is documented in Appendix B, the model mass balance 
was done for the alkaline- or base-catalysed route using two continuously stirred tank 
reactors with the researcher concerned compiling the model having done a comprehensive 
literature survey [Tapasvi, 2005]. In this model mass balance the following inputs could be 
varied: 

 The transesterification efficiency. 

 The rate of feed stock supplied to the plant. 

 The methanol/triglyceride molar ratio. 
 
These three variables are not specific to a particular process route and by changing them, 
the sizes or capacities of equipment and units such as distillation columns in unit processes 
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associated with producing biodiesel and other products to the specifications required by 
authorities and users [Glišić, 2009], can be determined and the comparative costs 
calculated. Furthermore, if distillation is the unit process selected for biodiesel purification, at 
a 100% conversion of feed stock, the wash column is not required [Glišić, 2009]. Similarly if 
all the methanol is reacted following the stoichiometric requirement of a 3:1 molar ratio of 
methanol to oil, a methanol separation process such as flashing or distillation is not required 
[Harding, 2007]. 
 
For the model mass balance documented in Appendix B, 98% conversion was selected, 
calculated on a 100% efficiency providing a yield of 4 697,53 kg/hr of biodiesel (in this case 
Fatty Acid Methyl Ester (FAME)). The crude oil input was selected to be 5 000kg/hr of 
soybean oil with a low free fatty acid level and containing no free water, i.e. an annual 
capacity of 40 000 tonnes. A molar ratio of 6:1 was chosen. The qualification by the 
researcher that the model could be fine tuned and may not yield accurate results when 
parameters were changed, was accepted. In the present study, the efficiency and molar ratio 
input variables were then changed, the reasoning being that on a production basis it is 
unlikely that a 100% efficiency will be constantly attainable. Secondly, empirical research 
suggests that a molar ratio of 6:1 should be selected, however in the case of the enzymatic 
route a 3:1 molar ratio is advised and with the supercritical route a 42:1 molar ratio is often 
quoted in the literature. Using the different process routes, the transesterification section will 
be different, but the loading of reactants and products in the subsequent unit processes will 
not be substantially different. A molar ratio of 24:1 was also done as this has been 
suggested when a hydrocarbon solvent like hexane or propane is used in the 
transesterification section. The sizing of equipment like distillation columns will need to take 
the volumes of co-solvents into account. The results of changing the mentioned parameters 
are presented in Tables 8.2 – 8.5: 
 
Table 8-2  Outputs of variables at different efficiencies for a 6:1 methanol to oil molar 
ratio 
 
   Efficiency  98  95  90 
 
Output:  
 
Triglycerides (stream 45) kg/hr     14,03      35,07    70,14 
Glycerol        (stream 69) kg/hr   483,52   468,72  444,05 
Biodiesel      (stream 56) kg/hr          4 603,58           4 462,66           4 227,78 
Recycled methanol    82) kg/hr  666,84    682,31   707,92 
Methanol feed                  kg/hr 1184,35  1184,35 1 184,35 
Methanol reacted             kg/hr   517,41   502,04              476,43 
Water (Stream 77)           kg/hr   916,11   888,07    841,33 
Methanol distillation  
column feed                     kg/hr         1 586,40           1 570,38 1 549,25 
  
Table 8-3  Outputs of variables for different molar ratios at 98 % efficiency 
 
  Molar ratio       3:1     6:1  24:1       42:1 
Output:  
Triglycerides (stream 45) kg/hr     14,03            14,03           14,03         14,03 
Glycerol        (stream 69) kg/hr   483,52 483,52         483,52       483,52 
Biodiesel      (stream 56) kg/hr          4 603,58         4 603,58     4 603,58    4 603,58 
Recycled methanol    82) kg/hr     77,40            666,94      4202,12   7 737,30 
Methanol feed                  kg/hr   594,81         1 184,35     4 719,53   8 254,71 
Methanol reacted             kg/hr   517,41             517,41       517,41      517,41 
Water (Stream 77)           kg/hr   916,11    916,11       916,11      916,11    
Meth. Dist-col. feed         kg/hr   994,24          1 586,40     5 139,34   8 692,30  
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Table 8-4  Outputs of variables for different molar ratios at 95 % efficiency 

 
 
 
  Molar ratio  3:1  6:1  24:1       42:1 
 
Output:  
 
Triglycerides (stream 45) kg/hr     35,07            35,07           35,07         35,07 
Glycerol        (stream 69) kg/hr   468,72 468,72         468,72       468,72 
Biodiesel      (stream 56) kg/hr          4 462,66         4 462,66    4 462,66    4 462,66 
Recycled methanol    82) kg/hr     77,40            682,31    4 217,49    7 752,67 
Methanol feed                  kg/hr   579,44         1 184,35    4 719,53    8 254,71 
Methanol reacted             kg/hr   502,04  502,04        502,04      502,04 
Water (Stream 77)           kg/hr   888,07   888,07       888,07      888,07   
Methanol distillation  
column feed                     kg/hr   981,65         1 570,38     5 126,75   8 679,69  
 
Note: The water stream (stream 77) also contains some methanol. 
  
 
 
Table 8-5  Outputs of variables for different molar ratios at 90 % efficiency 

 
 
  Molar ratio  3:1  6:1  24:1       42:1 
 
Output:  
 
Triglycerides (stream 45) kg/hr     70,14            70,14           70,14         70,14 
Glycerol        (stream 69) kg/hr   444,05 444,05         444,05       444,05 
Biodiesel      (stream 56) kg/hr         4 227,78         4 227,78      4 227,78    4 227,78 
Recycled methanol    82) kg/hr    118,73          707,92      4 243,10    7 778,28 
Methanol feed                  kg/hr   595,16        1 184,35       4 719,53    8 254,71 
Methanol reacted             kg/hr   476,43  476,43         476,43      476,43 
Water (Stream 77)           kg/hr   841,33   841,33        841,33      841,33   
Methanol distillation  
column feed                     kg/hr   960,65          1 549,25     5 105,76    8 658,70  
 

 
In all three cases where the efficiency was changed, it was assumed that the amount of 
methanol reacted remained constant. The background to this assumption is that the 
efficiency could change due to the residence time not being sufficient or the temperature of 
reaction being too low or the catalyst load being inadequate. Due to this assumption, the 
excess methanol which normally should aid the complete conversion of the triglycerides, 
was assumed not to aid the reaction. If for the same methanol to oil molar ratio, the 
efficiency is changed, there will be less by-products produced and more methanol recycled. 
This will have an effect on methanol distillation and biodiesel purification in terms of 
equipment, flow rates and energy consumed. It was calculated that for a 10 000 tonnes/year 
plant, the energy for the reboiler of the distillation column increases from 16 to 23 kW and 
the energy required for purification increases by 52 % with the purification distillation column 
having more stages [Glišić, 2009]. The calculated cost of energy for the SCA and HACA was 
found to be $0,057/kg of FAME, this cost based on the flow sheets produced by Glišić. To 
compare it to South Africa, one needs to know the energy unit costs for the particular 
country, but on conversion factors alone, it equates to R17 100 000. 
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As the methanol has to be recovered for recycling, the higher the molar ratios, the more 
energy will be required for methanol distillation; about 48 % of total energy required. Again 
the sizes of the equipment will also increase with the distillation column diameters increasing 
from 0,6 m to 1,0 m and reboiler duty increasing for the methanol recovery column from 0,16 
MW to 1,56 MW [Glišić, 2009]. 
 
In the literature studied, no articles could be found on the effect on the costs of a plant for 
any of the process routes if either carbon steel or stainless steel is used for higher cost items 
such as distillation columns. At normal operating temperatures in the HACA route or for 
storage, it has been mentioned that the chances of microbial growth are increased if carbon 
steel is used. This could be a result of the degree of surface treatment of equipment. 
Secondly, a stainless steel plant will have a higher salvage value. Thirdly, compared to other 
grades of stainless steel, Duplex grade was used for the storage tanks for strength reasons 
[Dewar, 2010]. On the other hand, in the U.S. Department of Agriculture study, the material 
of construction was carbon steel for the flash drums, heat exchangers and distillation 
columns. Stainless steel pumps, reactors and tanks were used [Haas, 2006]. Also, in 
studying methanol properties and methanol plants, no information could be found that 
precludes the use of carbon steel, although methanol plants have similar operating 
conditions than a plant based on the SCA process route. 
 
 For the SCA process, no commercial facility, to the knowledge of this researcher, is in 
operation, although a pilot plant was operating in Japan. Secondly, in laboratory work, 
Inconel and Hastelloy were used [Saka, 2006]. There is a further consideration in choosing 
the materials of construction at high temperatures and pressure, that being the stress 
characteristics of SA 240 Type 304L and SA 516 Grade 70. For Type 304L ASME II part D 
allowable stress at 325 ºC is 95,7 MPa compared to 132 MPA for CS SA 516. For the 
operating conditions used in the design criteria, the limit is approached with 304L and hence 
cladding is used. When carbon steel is used, a higher corrosion allowance and an increased 
thickness are used, thus a linear relationship does not exist on costs. 
 
For the distillation columns used in the three different process routes, calculations were 
performed using the two materials of construction and observing mechanical design criteria. 
The installed cost effects can be summarised as follows: 
 
Description                                                             Material of construction cost  
 
Process route/column identification                              SS 304L              CS 
 
SCA – D-01  Methanol                                                  R4,272m             R3,600m 
SCA – D-02 Methanol                                                   R1,780m             R1,578m 
SCA – D-04 Glycerol/water                                           R1,317m             R1,210m 
SCA  and ECA – D-03 Biodiesel                                   R8,100m             R7,264m 
HACA – D-01 Methanol                                                 R1,248m             R1,122m 
HACA – D-02 Glycerol/water                                         R1,317m             R1,210m 
 
For FCC calculations following from the work done in section 7.8.3 for the three process 
routes, the following cost savings in using carbon steel for the drums, platforms and ladders 
are then possible: 
 
HACA – R233 000; ECA – R836 000; SCA – R1 817 000. 
 
In the HACA case, the use of carbon steel for distillation equipment, makes less than 0,13% 
difference in the FCC, compared to 0,68% in the SCA case. 
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If the heat exchangers, preheaters and reactors for the SCA process route are then 
considered in the same way as for distillation equipment, bearing in mind other criteria were 
used for selecting the equipment, the differences can be shown as follows: 
 
 Two heat exchangers, shell side 304L, pressure 1 050 kPa biodiesel, 
  tubes cladded, weight 42 141 kg each: 
                                                                                                                R28 800 000 
Two heat exchangers, shell side CS, pressure 1 050 kPa biodiesel 
 tubes cladded, weight 44 942 kg each: 
                                                                                                                R12 960 000 
 
Two preheaters, shell side CS, pressure 11 745 kPa steam, tubes 
 cladded, weight 64 774 kg each: 
                                                                                                                R36 200 000 
Two preheaters, shell side CS, pressure 11 745 kPa steam, 
 tubes CS, weight 64 774 kg each: 
                                                                                                                R18 700 000 
Two reactors, shell side CS, pressure 8 913 kPa steam, tubes 
 cladded, weight 45 003 kg each: 
                                                                                                                R20 760 000 
Two reactors, shell side CS, pressure 8 913 kPa steam, tubes CS, 
 weight 45 003 kg each: 
                                                                                                                R12 960 000 
 
This calculation does not take into account that thermal oil can be used on the shell side of 
the reactors at a pressure of 1 050 kPa where the difference in cost will be  
                                                                                                                 R 7 550 000 
 
For the two materials of construction, the impact on the FCC will be as follows: 
 
        For the conditions as selected with 304L/CS and cladded tubes:  R85 760 000 
 
        For the conditions as selected with CS:                                          R44 620 000 
 
As far as the sensivity is concerned, with reference to materials of construction, for the SCA 
process route for the distillation columns and the transesterification section, the difference in 
the FCC will be R42 957 000. This will result in a fixed capital cost of R224 086 000 resulting 
in a variance of 23% compared to the HACA process route. A further reduction in FCC will 
be considered in the section on optimisation. 
 
For the ECA route, if the variables affecting the direct operating cost (DOC) are studied, the 
main costs are associated with the cost of feed stock and the cost of the enzymatic catalyst 
– lipase, like for example Novozym 435 and similar commercially available products. The 
ECA process is less sensitive to free fatty acids present in the feed stock and thus waste 
cooking oil was discussed in the section on project sensitivities. Here, sensitivities with 
regard to the lipase will be evaluated. In brief, a budget quotation was received with an 
indicative cost of R17 000/kg.  Secondly, it was assumed that the catalyst will be denatured 
by the presence of agents in the feed stock, toxic to it. It is known, however, that research is 
aiming at charging lipase on an annual basis for a continuously operating plant and that the 
costs of the catalyst is reducing at a phenomenal rate. It was indicated that a current price 
for tonne lots will be $100/kg. If import duty and delivery costs are added to this cost, an 
indicative price will be R1 000/kg. Assuming 100 tonnes of catalyst being changed 12 
times/year, the cost will be R1,2 billion for a 40 000 tonnes/y facility. Further work is 
suggested on the costs of the lipase catalyst as in other respects, the operating costs are 
similar to those of HACA plants and less consequential environmental issues are foreseen.  
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8.5  OPTIMISATION STUDIES 

 
The concept of optimisation can be described by a Chinese maxim as quoted by 
H.L.Mencken in 1942: “ there are many paths to the top of the mountain, but the view is 
always the same.” [Wilde, 1967]. If the “view” is the production of biodiesel, the paths will be 
the most economical process route or sequence of unit processes or minimising energy 
consumption or even using the minimum amount of water. To optimise all the independent 
variables in biodiesel production is beyond the scope of this dissertation and a superficial 
approach will be followed on looking at different process routes, energy consumption and 
other unit process variables. It is therefore not intended to use available computer-based 
simulations for a biodiesel production plant or looking at the optimisation of specific unit 
processes or flow sheets. A more general approach will be followed, touching on some 
topics in terms of optimisation. 
 
In  discussing the technology associated with biodiesel production in Chapter 6, different 
process routes and other variables were covered. In the base catalysed process, if two 
process parameters, yield and total soap formation respectively per mole of oil are 
statistically analysed in a multiple response regression model with four factors at three 
levels, the process yield can be maximised while minimising soap formation [Singh, 2006]. 
The four factors used with canola oil were catalyst formulation, catalyst concentration, 
reaction temperature and methanol to oil molar ratio respectively. On a batch wise laboratory 
scale, the optimised set of conditions were using KOCH3 as a catalyst with a concentration 
of 0,2 mol/mol of oil; reaction temperature 50ºC; a 4,5:1 methanol to oil feed molar ratio. 
Comparing the theoretical optimal as calculated with a second order polynomial equation, a 
yield of 99 % with a total soap formation of 0,85 % was predicted. The verified process 
conditions were 95,8 % yield and 7,56 mmol/mol (0,75 %) total soap formation [Singh,2006]. 
These results are not reflected in calculations in the numerous feasibility studies consulted, 
some of them summarised in Appendix C. 
 
The second variable in terms of the topic covered in this section, covers the unit processes 
around transesterification and separation. In general it seems when two reactors are used 
with phase separation in between in the base catalysed process, biodiesel is subsequently 
distilled as a bottoms product. The aqueous phase is subjected to glycerol distillation with 
glycerol as the bottoms product with subsequent separation of methanol and water 
[Apostolakou, 2009]. In contrast, there is a view that with one reactor, biodiesel needs to be 
purified as the top product through distillation. This may require more energy and one more 
unit processes, but could well give more assurance in meeting specifications, especially the 
more stringent European specifications. In reality though, it seems that the energy 
consumption is not markedly different. 
 
Thirdly, for the base catalysed route, in other words the homogeneous alkali catalysed 
reaction (HACA), in this work it is shown that various authors have at least four different 
points of departure on removing excess methanol after transesterification. One approach is 
to do gravity phase separation with some methanol  subsequently removed from the glycerol 
product stream after acidulation and neutralisation. Methanol is also removed separately 
from the FAME phase and combined with methanol from the glycerol product unit processes 
for distillation in a methanol/water column to separate these two products [van Gerpen, 
2005]. This is also the main process route followed by contractors – Lurgi; Crown Cork – and 
other researchers [Haas, 2006]. 
 
In a decision tree with four options as shown in Chapter 6, the first suggestion was to decide 
to remove methanol from the products. If the methanol was not removed, firstly phase 
separation took place, then water washing took place in one leg after which methanol was 
distilled from the FAME phase. Where water washing did not take place, phase separation 
was done before methanol distillation [Myint, 2008]. 
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In another HACA flow sheet, after transesterification, methanol was distilled from the 
products before product washing after which phase separation took place. From both phases 
subsequent distillation took place with methanol/water as a condenser vapour product and 
FAME as the condenser bottoms product, compared to unreacted oil as the distillation 
column’s bottom product. In the glycerol product stream, methanol and water were removed 
by vacuum distillation, with glycerol as the bottom product [Glišić, 2009]. This broadly 
speaking, was also the methodology followed in earlier work [Zhang, 2003]. 
 
In a retrofit distillation column simulation research paper, water washing took place after 
transesterification in which process the oil and glycerol products were also separated. The 
FAME rich phase was subsequently distilled while the bottoms were acidulated, neutralised 
and the glycerol then separated with methanol and water as the distillation column 
condensate. The methanol and water were then separated in a further distillation column. In 
the optimisation of this process route, heat exchangers were used to obtain lower energy 
consumption [Nguyen, 2010]. 
 
The effect of water washing prior to methanol removal (Nguyen, 2010), compared to 
methanol removal and then water washing (Glišić, 2009) or considering the four options in 
the decision tree (Myint, 2008) i.e. removal of methanol and water washing in the presence 
or absence of glycerol, or alternatively separating biodiesel and glycerol with water washing 
afterwards in the presence or absence of methanol, means that the sizes of equipment and 
energy requirements will change. It seems though as remarked earlier, that a distillation 
column is not favoured for biodiesel purification if biodiesel and glycerol separation is 
performed first with methanol removal prior to water washing with biodiesel production as 
simulated then having a purity of 99,7 % [Myint, 2008]. For the phase separation after 
transesterification, a secondary variable in terms of optimisation will be the use of 
centrifuges with a higher energy requirement compared to decanters. 
 
Having studied the flow sheets produced by the four authors (Glišić, Zhang, Nguyen and 
Myint), Glišić managed to compare her results with those of Zhang. Noting the point that the 
former researcher makes on the water use in the process, her remarks are justified in 
looking at figures quoted by contractors and process water volume should be assumed at 
200 kg per 1 000 kg biodiesel produced. 
 
Secondly, for the one option where Myint suggests vacuum distillation for FAME purification, 
the distillation columns can be compared. In the main this is due to to the positioning of the 
unit process where water and methanol are recovered or separated in simulating a particular 
process route. From an optimisation point of view, all three authors with results reported 
since 2008, conclusively show that compared to the sequence followed on methanol 
recycling as simulated in earlier work, energy consumption as well as capital costs could be 
significantly reduced. 
 
In all the cases this was done by using thermodynamic analysis followed by the use of heat 
exchangers to enable heat recovery. From an economic feasibility point of view, it is 
significant that for a throughput of 194 850 tonnes/year (24 100 kg/hr), a total energy saving 
of 3 863,9 kW and electricity saving of US $ 1 929 317,50/year at $0,060/kWh can be 
accomplished [Nguyen, 2010], if methanol and water are separated as the ultimate unit 
process. 
 
If methanol is removed after phase separation of FAME and glycerol, but before water 
washing, less heat duty is required as water is not present, and savings in utility costs will 
result [Myint, 2008]. For the flow sheets compiled as presented in Chapter 6, the above 
research was recognised and calculations suitably done in specifying relevant equipment in 
Appendix B. In Table 8-6, variables are listed and an attempt is made to compare the work 
of the four researchers, quoted in this section, for their findings on the HACA process route. 
The comparison only assists in specifying parameters for the FAME distillation. 
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Table 8-6  Comparison on biodiesel production parameters 
 
                                                                                  Researcher 
                                                       Glišić        Zhang            Nguyen            Myint 

   
 Parameters 
FAME production (tonnes/year)    10 000       8 000            194 850            133 000 
Triglycerides feed (kg/hr)                1 307       1 050              24 357              16 905 
Methanol (kg/hr)                                247          228                5 355                3 676 
NaOH (kg/hr)                                    10,1            10                 ?                      168,7 
Water (kg/hr)                                     200              8                2 402                2 451 
Glycerol produced (kg/hr)                 112           109               2 510                    ? 
Molar ratio                                         6:1            6:1                6.14:1                  6:1 
Reaction time (hr)                             1,8              ?                     ?                        ? 
Temperature (ºC)                               60             60                    ?                        60 
Pressure (MPa)                                 0,4            0,4                    ?                        1 atm 
Conversion (%)                                  95             95                    95                    97,5 
FAME purity (mass %)                     99,8           99,7                99,4                     ? 
Glycerol purity (mass %)                  99,7           85                   99,9                     ? 
Energy consumption: 
Preheater (kW)                                 28               -                       ?                       ? 
Methanol reboiler (kW)                     157            500                   ?                       ? 
FAME reboiler (kW)                          639          1 600                  ?                       ? 
Glycerol reboiler (kW)                       463            300                   ?                       ? 
Total (kW)                                        2 326        2 400                  ?                       ? 
Cost of L P Steam ($/GJ)                 7,78            ?                      ?                       ? 
Cost of H P Steam ($/GJ)               19,66           ?                      ?                        ? 
Separation: 
FAME distillation                               T-401          -                    T-202                 - 
 -Temperature (ºC)                         172/311       194/415              ?                   <250 
 -Pressure (bar)                                 1/2                1/2              0,1/0,2                 ? 
 -Condenser duty (MW)                     0,52              1,3             10,897                  ? 
 -Reboiler duty (MW)                         0,64              1,6             10,985                  ? 
Normal vapour flow rate (kg/hr)     4 035              3 100               ?                       ? 
Diameter (m)                                      1,1               1,2                  ?                      ? 
Stages                                                5                    ?                   6                      6 
Reflux ratio                                         2                    ?                   1,10                 1,5 
Methanol recovery 
 -Temperature (ºC)                           29/?              28/122              ?                      ? 
 -Pressure (bar?)                               2/3                 2/3                  ?                      ? 
 -Condenser duty (MW)                     0,10               0,40                ?                      ? 
 -Reboiler duty (MW)                         0,16               0,5                  ?                      ? 
Normal vapour flow rate (kg/hr)        256                 330                 ?                      ? 
Diameter (m)                                     0,6                  0,6                  ?                     ? 
Stages                                                5                     ?                    ?                     6  
Glycerol recovery 
 -Temperature (ºC)                            43/244             ?                    ?                   <250 
 -Pressure (bar)                                  1/2                   ?                 0,4/0,5              ? 
 -Condenser duty (MW)                     0,464                ?                  6,402               ? 
 -Reboiler duty (MW)                         0,463                ?                  6,85                 ? 
Vapour flow rate (kg/hr)                    145                    ?                   ?                     ? 
Stages                                                  4                    ?                   5                     5 
As described in this dissertation, many research papers and feasibility studies were 
examined and it seems that in general the classic approach in the HACA process route is to 
use two reactors in series with glycerol removal in between the stages to facilitate a high 
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conversion of feed stock to the alkyl esters. Unreacted feed stock is removed by decantation 
and washing, together with neutralised catalyst  [Haas, 2006; Marchetti, 2008; Tapasvi, 
2004]. The two reactor approach ensured a low volume of unreacted feed stock or other 
glycerides in the biodiesel product. Even in the Esterfip-H process two reactors are used. 
   
In work on the SCA process route, one researcher alluded to the use of one reactor to 
reduce the operating cost, but the comparison on the economics was done using the 
conventional approach [Marchetti, 2008]. Other researchers have used one reactor with then 
methanol separation and biodiesel recovery [Van Kasteren, 2007; Chang, 2010; Glišiċ, 
2009]. This is also done in the Mcgyan process where a heterogenuoous catalyst is used 
[McNeff, 2008]. 
 
 If a flash drum is used to separate methanol before reducing the pressure in the lines from 
the reactor as was suggested [Nisworo, 2005], the thickness of the material of construction 
makes for a very expensive drum at a base module cost of R6,6 m compared to the 
methanol distillation column at R2,2 m (2011). However, distilling biodiesel as a top product 
after methanol removal ensures a product that can more easily comply with EN 14214 
standards and from earlier work in this dissertation, a lower conversion will not result in a 
high volume of unreacted oil in the reboiler. Secondly, it has been shown that in optimising 
the energy consumption with heat recovery between the hot and cold streams, the total 
energy requirement will not be significantly different, comparing the SCA and HACA process 
routes [Glišiċ, 2009]. For a facility with a capacity of 10 000 tonnes/year, the requirements 
are 2 407  kW (SCA) compared to 2 326 kW (HACA). 
 
If in this research,  the costs for the conversion equipment are calculated based on the 
above reasoning, only one heat exchanger, one preheater, one reactor, one back pressure 
regulator and one methanol distillation column are used, the FCC will be correspondingly 
reduced. It can be argued that one positive displacement pump should also be used but for 
the present, it will be safer to have a second pump on standby. Also, even more savings will 
result if using less pumps and mixers, but these savings are not reflected in the savings 
reported below. 
 
Using the installed equipment prices for stainless steel equipment, the cost will be reduced 
by R44 810 000. As a result, the Fixed Capital Cost (FCC) will reduce to R222 233 000. If 
from the work done on materials of construction in the sensitivity calculations, carbon steel 
equipment is being used, a further cost reduction of R20 722 000 needs to be factored in. 
The FCC for the SCA process route, will then amount to R201 511 000. This leads to the 
conclusion that there could be a variance of 11%, comparing the SCA process route to the 
HACA process route.      

8.6  THE CASE  FOR  IMPORTED FEED STOCK OR  IMPORTED  BIODIESEL  

 
During September 2011 the Department of Energy prescribed in Notice R.745 in 
Government Gazette No. 34610 a set of draft regulations regarding the mandatory blending 
of biofuels with petrol and diesel. In terms of these regulations a licensee, presumably the oil 
companies and distributors of diesel, may only purchase biofuels from a licensed 
manufacturer of biofuels in the Republic of South Africa. This ordinarily means that 
purchases from biofuels importers are prohibited. 
 
Based on a blending level of 2% v/v, the notice stating 5% v/v, this means that the total 
requirement for biodiesel in South Africa will be of the order of 200 000 tonnes/year. 
Furthermore, all biofuels manufacturers are subject to the provisions of the Petroleum 
Products Act of 2003 and in terms of a directive of the then Department of Minerals and 
Energy issued in 2009, not permitted to import feed stocks or presumably also biodiesel. It is 
therefore possibly only of academic interest as to whether a case can be formulated for 
imported feed stock or imported biodiesel. This means that waste cooking oil can not be 
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imported, neither can jatropha, palm, soybean, sunflower or any other suitable oil be 
imported for this purpose, including from countries such as Mozambique or Angola. Both 
these countries have the land and other inputs such as rainfall to encourage large scale oil 
production for biodiesel feed stock. 
 
If this is not the case, a few possibilities have to be considered: 
 

 South Africa is a net importer of cooking oil, especially from Argentina, and it has 
been shown that in the ordinary course of business it can not satisfy local demand 
from locally available oil seeds or oil [van Zyl, 2010]. Also the price of cooking oil, 
whether as crude oil without degumming or as refined oil, will be the import parity 
price. Except if regulations on the so called break-even price are introduced that will 
create a lower price for these commodities, the import parity price will prevail. This 
means South African prices will follow prices as presented in Chapter 5. For soya 
beans, as it stands at present (circa September 2011), a rebate on the import duty 
under heading 12.01, subheading 1201.00 is no longer valid. 

 

 South Africa in not allowing biodiesel imports, will not be susceptible to the mayhem 
that followed and the demise of European biodiesel producers who could not 
compete with the American biodiesel blends and cheap imports from countries such 
as Argentina and Malaysia, where the relevant governments encouraged exports to 
promote viable local industries. 

 

 The biodiesel industry in South Africa will not be a viable source of local employment. 
Firstly, at the blending facilities, for that matter at the refineries, it is unlikely that 
many new jobs will be created. Secondly, the multiplier effect on employment and the 
economy will be outsourced to the exporting countries [Kulišiċ, 2007]. As it is, 
introducing biodiesel into diesel at the percentage envisaged for blending, will not 
have a significant effect on the volume of diesel used. From the Croatian model, the 
multiplier for the economy is a factor of 2,5, compared to 2,1565 for petroleum. 

 

 If either feed stock or biodiesel is allowed to be imported, in a local sense the 
cascading principle applies as for waste cooking oil. This means that in producing the 
oil, the greenhouse gas emissions are calculated at the point of origin and that in 
South Africa in terms of a life cycle greenhouse gas calculation, only the oil 
conversion and transport emissions have to be allowed [Carballo, 2009]. There is a 
dramatic difference compared to the diesel baseline and the biodiesel baseline for 
the oil in question, be it sunflower or soybean or canola oil respectively. The 
environmental payback period will be reduced dramatically, compared to sourcing the 
feed stocks locally, considering the information presented  in  Chapter 9. 

 

 It is not clear whether there is a remarkable environmental benefit in producing the oil 
seeds and biodiesel in South Africa as it is simply unlikely that enough local research 
has been done, compared to the work of Carballo in Argentina or the results which 
are slowly being leaked to the media from the European Commission in Brussels 
[Dunmore, 2011]. If for technical reasons, such as lubricity compared to low sulphur 
diesel, biodiesel has to be considered as an additive, a different basis for importing 
biodiesel is established. 

 
It is impractical to have a biodiesel production industry established by 2013, therefore 
either South Africa will have to change its objectives in terms of biodiesel and biofuels or 
the date for the implementation of mandatory blending requirements will have to be 
suitably chosen. 
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8.7 SUMMARY OF TOTAL CAPITAL INVESTMENT COST (TCC) AND TOTAL 
MANUFACTURING AND OPERATING COSTS (TMC) FOR THREE PROCESS 
ROUTES IN BIODIESEL PRODUCTION IN SOUTH AFRICA 

 
From the work done on flow sheets, equipment lists, a mass balance, specifications and 
estimates generated from budget quotations, for the homogeneous alkali catalysed 
alcoholysis (HACA), enzymatic catalysed alcoholysis (ECA) and super critical alcoholysis 
(SCA) process routes for the production of 40 000 tonnes per year of biodiesel in South 
Africa, TCC and TMC estimates were reported in sections 7.8.2 and 7.8.3 respectively. It is 
concluded that as long as the direct operating costs (DOC) are higher than the revenue 
generated from biodiesel sales, incentives on plant depreciation and levies do not feature. 
 
In essence a number of permutations are possible for the three process routes for which 
total capital investment costs (TCC) and total manufacturing costs (TMC) were computed. 
From the sensitivity and optimisation work, on the TCC side, the fixed capital costs (FCC) for 
all three process routes will change if some of the equipment input costs are changed.The 
resulting FCC figures will in turn affect both the TCC and TMC. If however the feed stock 
costs are changed, two considerations will apply. These considerations will be whether the 
equipment can accommodate the feed stock without unit processes changing and whether 
only the direct operating costs (DOC) change. As an example, both the ECA and the SCA 
processes can accommodate feed stock with a higher FFA level than that prescribed for the 
HACA route, without additional reagents or adding unit processe to first esterify or neutralise 
the FFAs. For the HACA, it is suggested that 10% is added to the FCC [Apostolakou, 2009]. 
Secondly, enzyme costs have a dramatic effect on the viability of the ECA route. Thirdly, 
with attention on feed stock cost, the DOC and therefore the TMC will change if a feed stock 
with a lower cost, such as waste cooking oil or tallow, is used.  
 
From sensitivy analyses and optimisation considerations, calculations indicate that  for the 
SCA process route specifically, important findings can be made as to potential cost 
reductions, compared to the base case. The relevant TCC and TMC estimates are 
summarised below: 

8.7.1 Fixed and total capital investment costs – base case and optimised cases 

 
                                                                  Process route costs – Rands (‘000) 
Description                                                              HACA         ECA           SCA 
 
Base case as developed from work done in this study (refer to section 7.8.2): 
 
Total construction cost                                     141 655          162 903       219 514 
 
Fixed capital cost (FCC)                                   181 480           206 260      267 043 
Working capital @ 10%                                      18 148             20 626        26 704 
 
Total capital investment cost (TCCBase case)      199 628           226 886      293 747 
 
Effect of materials of construction sensitivity on total construction cost: 
 
Distillation columns from carbon steel:             (233)                  (836)          (1 817) 
Heat transfer and reactor equipment:                  -                         -            (41 140) 
 
Insentivised total construction cost                 141 422           162 067       176 557 
  -assume the (FCC – total construction cost) 
 figures remain as in section 7.8.2:                   39 825             43 357          47 529 
 
Insentivised fixed capital cost (FCC-I)         181 247           205 424        224 086 
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Working capital                                                 18 124             20 542          22 408 
Insentivised total capital investment cost (TCC-I): 
                                                                       199 371           225 966         246 494 
 
Optimised total construction cost:                   No change     No change     174 704 

- section 7.8.2 variables as before – 
Optimised fixed capital cost (FCC-O)           181 480            206 260         222 233 
Working capital                                               18 148              20 626           22 223 
Optimised total capital investment cost (TCC-O): 
                                                                      199 628            226 886        244 456 
 
Assume projected savings from both the sensitivity analysis and optimisation realise: 
 
Overall Capital Investment Cost                199 371            225 966       221 742 
 
Savings compared to base case (%)            -                             0,4             24,5 
 

8.7.2 Changes to total manufacturing costs for different feed stocks 

 
In Chapter 5 the use of waste cooking oil (section 5.2.1.3) and animal fats or tallow (section 
5.7.4) for biodiesel production was discussed. Despite the fact that the total use of vegetable 
oils in South Africa exceeds 1 milion tonnes, the cascading environmental effects for this 
commodity is not exploited in potential feed stock use. Similarly, inedible tallow is no longer 
in the food chain and it has advantages, compared to neat vegetable oils. Some of these 
advantages are that it is a concentrated source (available at abattoirs and feedlots), 
technically, particularly its higher FFA and water content can be handled in the ECA and 
SCA process routes and it has a competitive edge on oils in terms of price. For waste 
cooking oil the direct operating costs will be calculated so as to project a comparative 
manufacturing cost and by ratio analysis, projected figures for tallow provided. From section 
8.4.2 a cost of 49% of virgin oil costs will be used for waste cooking oil (WCO) and R4/kg for 
tallow (section 5.7.4). 
                                                                 Process route costs – Rands (‘000) 
Description                                                     HACA              ECA           SCA 
 
Section 7.8.3 operating costs using waste cooking oil (WCO): 
 
Sub total of direct operating costs:               524 379           532 542        842 792 
Therefore costs excluding feed stock:          108 779           116 942        427 192 
Assume waste cooking oil (WCO):               203 644           203 644        203 644 
Sub total (DOC)WCO:                                      312 423          320 586         630 836 
Maintenance and repairs – 10% of FCC:        18 124            20 542           20 158 
Operating supplies – 15% of M & R:                 2 718              3 081             3 023 
Laboratory and quality testing                              400                 400                400 
     DOCWCO  (excluding enzymes)                 333 665           344 609         654 417 
 
Indirect operating costs (IOC): 
 -Trade Associations/unions @ 2%:                6 673                6 892            13 038 
 - Local tax and service fees (R60/m².y):         3 000                3 000              3 000 
 - Insurance (0,5% of FCC):                               906                 1 026              1 007 
 - Distribution and selling @ 5%:                   16 683               17 230           32 720 
 - Research and development @ 1%:             3 336                 3 446             6 519 
Depreciation (33.3% of FCC)                        60 354                68 405          67 127 
Glycerine credit:                                             (6 612)              (27 696)       (27 696) 
Total manufacturing cost (TMCWCO):        418 005              416 912         750 132 
Savings compared to base case (%):            35,4                     35,5               25,7 
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If all the other components of the direct and indirect operating costs remain constant (not 
factored as percentage components), the comparative costs for tallow will be as follows: 
 
Total manufacturing cost (TMCTallow):        374 361              373 268         706 488 
Savings compared to base case (%):              42,1                     42,2              30,0 
 
If the conventional techniques for computing in particular indirect operating costs, including 
those for the options on the lipase are used, the total manufacturing cost will be distorted. As 
it is, the higher direct operating costs for the SCA already introduces this distortion as for 
example selling and distribution costs are not necessarily governed by the value of the 
commodity concerned. 
 
To TMCWCO add the costs of the enzymes for two scenarios: 
 
1. Lipase catalyst purchased at R17 000/kg and replaced 12 times/year: 
                                                                            Process route – Rands (‘000) 
                            Process route:                                   HACA       ECA            SCA                                 
 
TMCWCO                                                                  418 005  20 816 912   750 132   
 
Total manufacturing cost of biodiesel (R/l)                  9,19         457,97       16,50 
 
2 (a).  Lipase catalyst purchased at R1 000/kg and replaced 12 times/y: 
 
TMCWCO                                                                 418 005    1 616 912    750 132 
 
Total manufacturing cost of biodiesel (R/l):               9,19            35,57        16,50 
 
2 (b). Lipase catalyst purchased at R1 000/kg and replaced annually: 
 
TMCWCO                                                                418 005      516 912     750 132 
 
Total manufacturing cost of biodiesel (R/l):              9,19           11,37         16,50 
 
Compared to a retail fossil diesel price of R10,30/l, the direct operating costs (DOC) for 
biodiesel production facilities with a capacity of 40 000 tonnes/year using vegetable oil at 
R10 390/tonne and waste cooking oil at R5 090/tonne expressed in R/l are as follows:  
 
                                                                           Process route costs (R’000) 
 
                                                                              HACA        ECA          SCA 
 
DOCvegetable oil                                                       545 649     556 662      873 902 
 
DOC costs (R/l):                                                      12,00         12,24          19,23 
 
DOCWCO                                                               333 665     344 609      654 417 
 
DOC costs (R/l):                                                       7,34           7,58           14,39 
 
The above calculation illustrates the significance of feed stock costs on total manufacturing 
and operating costs. Secondly, as mentioned in Chapter 9, more work needs to be done in 
refining energy costs for the SCA. 
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8.7.3 Costs of biodiesel for three process routes 

                                
The base case for biodiesel production can be compared at a total manufacturing cost level 
with costs using the results of sensitivity analyses and optimising  materials of construction 
and selected unit processes in some of the process routes. In such case, for the SCA route, 
assuming direct operating costs similar to those calculated for waste cooking oil, the 
estimated manufacturing costs for four scenarios will be as follows:  
 
SCA process route: 
 
Base case (from section 7.8.2)                                                            R 22,21/l 
Optimised unit processes using waste cooking oil                               R16,50/l 
SCA process route assuming HACA operating costs for WCO           R10,01/l 
SCA process route using tallow and HACA operating costs                R 9,06/l  
 
For the SCA process route (energy conservation/steady state): 
Base case (from section 7.8.4)                                                             R15,60/l 
Using waste cooking oil as feed stock (WCO/SCAEC)                          R10,55/l 
Using tallow as feed stock (Tallow/SCAEC)                                           R9,59/l 
 
For the HACA process route: 
 
Base case (from section 7.8.2)                                                            R14,24/l 
Using waste cooking oil as feed stock                                                 R9,19/l 
HACA biodiesel using tallow                                                                R8,23/l 
 
For the ECA process route: 
 
Base case (from section 7.8.2)                                                            R457,97/l 
Most enzyme optimised waste cooking oil case                                   R11,37/l 
Using tallow and most optimised enzyme process                               R10,41/l 

8.7.4 Summary of work covered in this chapter 

 
Models were reviewed, noting that multiple models should be compared, in view of social-, 
ecological- and economic considerations. The I-O Leontiff model can be developed for South 
Africa, but the BFAP model is in place. 
 
In evaluating comparable feasibility studies, the reference cost is that of fossil diesel at retail 
level. This cost is dependent on crude oil prices, refinery and distribution costs and imposts 
from levies and taxes. Biodiesel costs are dependent on manufacturing costs on which 
sensitivity analyses and optimisation studies were done. Sensitivity analyses were 
performed at the micro level for process efficienciy and energy considerations were 
discussed. The effect of materials of construction for all three selected process routes was 
reviewed and it was found that significant capital cost reductions are projected for the SCA 
process route. For the ECA process route, reductions in the cost of catalysts and 
replenishment requirements can dramatically affect operating costs. 
 
Optimisation studies done by other reseachers on biodiesel production parameters were 
inconclusive except where the conversion and purification are trended in line with meeting 
standards through distillation of biodiesel. In contrast, sensitivity analyses and optimisation 
studies done in this chapter, show that with less equipment, dramatic capital cost savings 
can be achieved for the SCA process route developed in this study. Similarly, in estimates 
using waste cooking oil and tallow as feed stocks, it was found that the resultant 
manufacturing costs for biodiesel, will make it a commodity competitive to fossil diesel.  
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9 FINDINGS, CONCLUSION AND RECOMMENDATIONS FOR  
FURTHER WORK 

9.1 FINDINGS 

 
From the investigative work done in this study, findings can be generated as broad findings 
resulting from observations on socio-political issues, actions from the authorities and the 
effect of regulations and legislation, and presented in this study as the first finding.  
  
A second general finding, which needs to be tested for applicability to the South African 
case, is that  liquid biofuels can be a cost competitive alternative to traditional transport fuels. 
The competitive edge for liquid biofuels production though seems to be with developing 
countries that have favourable climatic and environmental conditions for plant growth, low 
labour costs and low energy input in agricultural production [Lamers, 2008]. 
 
A third finding is that from the extensive work done for this dissertation no supply-demand 
balance assessment could be found for bioenergy uses [Carballo, 2009]. In a case study for 
an Argentine eco-region, where the different agro and forest industrial chains were 
evaluated, the biomass resources were accounted for. The information was included in a 
GIS with other layers referring to social, ecological and economic variables. Biomass basins 
were produced from which conclusions on sustainability could be formulated for policy 
decisions [Carballo, 2009]. 
 
A fourth finding is founded on three variables being considered on a provincial basis. The 
variables are firstly, the amount of diesel used and thus the amount of biodiesel needed to 
comply with the directive of a blend containing 2% biodiesel by volume; secondly, the 
amounts of likely feed stocks currently available within the boundaries of the specific 
province or accessible in terms of transport parameters to likely biodiesel production facilities 
and thirdly, the capacities of biodiesel plants to be build in the province concerned. The 
information is available and reported in Chapters 5 and 7 respectively, and findings will 
follow from considering this information. 
 
A fifth finding is informed by the amount and commercial viability of producing the feed 
stocks identified as the preferred in the National Biofuels Industrial Strategy (NBIS). In 
addition to considering the tonnages of the identified feed stocks produced and the 
commodity prices, the following four parameters have to be considered: soil aptitude for 
soybeans, sunflower and canola, restricted areas in terms of agriculture and the agro-
ecological aptitude for the identified feed stocks and sustainable potential areas for the 
production of these feed stocks. A secondary finding under this heading is whether more 
appropriate feed stocks exist and whether supporting drivers are correctly chosen, for 
example, the standards applicable to biodiesel quality in South Africa. In one of the most 
comprehensive assessments on algae biofuel production, it was found that in general, a 
future biofuels industry will require a multitude of feed stocks including algae [Lundquist, 
2010]. 
 
A sixth finding is informed by comparisons of the costs associated with the three process 
routes selected for a more detailed process review. 
 
A seventh finding is informed by the political- and socio-economic factors that may have a 
bearing on the success of a commercial biodiesel production industry. 
 
An eigth finding is based on environmental considerations. This finding has multiple 
dimensions in the effect of land use change, climate considerations including water 
restraints, and greenhouse mitigation. 
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A ninth finding is on the incentives provided for biodiesel production. 
 
No specific lifecycle greenhouse gas emission comparisons could be found specific to South 
Africa in the context of feed stocks for biodiesel production. As the EPA figures are based on 
generally accepted assumptions, the information on using 100- year net present value with a 
2% discount rate and payback periods as presented in Figures 9.1 and 9.2 are suggested to 
be accepted for South Africa [Carballo, 2009]: 
 

 
 
Figure 9.1  Lifecycle GHG results using 100-year net present value with 2% discount  rate 
[Carballo, 2009] 
 
 

 
 
Figure 9.2 Annual lifecycle GHG emissions over time and payback periods [Carballo, 2009] 
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For biodiesel, in Figure 9.1, diesel, soy-based biodiesel and biodieselWCO all have emissions 
resulting from their production, for the latter product, though, only transport emissions have 
to be taken into account and there is an eighty percent saving over the life cycle compared 
to diesel and 77% compared to soy-based biodiesel. From Figure 9.2, the pay-back period 
will stretch to 2053 in terms of emissions, only somewhat shorter than for ethanol from 
maize. 
 

9.2 BASIS FOR AND SUBSTANTIATION OF FINDINGS 

9.2.1 The first finding – the South African position in a socio-political and legislative 
context 

 
From the investigative work, many observations were recorded over a broad front from 
which a comparison can be made on the relative South African position. The broad finding in 
a socio-political and legislative context can be summarised as a set of six findings. 
 

1. There are targets for biofuels capacity in terms of the South African Biofuels 
Industrial Strategy. Secondly, based on the draft regulations captured in Notice 
R.745, these being in terms of the Petroleum Products Act, 1977, there are 
mandatory blending requirements for biofuels, probably to be implemented in 2012. It 
is furthermore stated that record keeping for fuel pricing administration is in place and 
that projects are underway for determining and publishing the break-even price of 
biodiesel (and bio-ethanol). As at the end of 2011, there were no commercial 
biodiesel facilities under construction or in operation, from the information available in 
the public domain. 

 
2. Monetary investments in biorefineries in South Africa are tempered by the criteria for 

licences to manufacture biofuels which encompass at least eleven yardsticks. The 
criteria are summarised in section 7.7.2 and biofuels manufacturers are subject to the 
provisions of the Petroleum Products Act of 2003. As for the United States, 
legislators seemingly have the ability to formulate requirements with unintended 
consequences. The commensurate zest to prescribe on designated areas and 
classify the type of enterprise and the conditions under which feed stock can be 
produced, inhibits a private sector approach. 

 
3. On the production/supply side, regulations will prescribe industry- and producers 

involvement, but very little evidence could be found on any efforts to educate or 
enthuse the market/consumption side.  

 
4. The deterioration of infrastructure in South Africa over the last twenty years has been 

discussed in this dissertation and the South African government has started to 
address this problem at a policy level and in terms of national priorities to reduce 
poverty, unemployment and inequality. Over the short to medium term, transportation 
of feed stocks and products will remain a problem. Secondly, especially in areas 
potentially more suitable for the cultivation of crops for biodiesel, it being rural areas 
by implication, there is no doubt that infrastructure to support a biodiesel industry is 
sorely needed. If infrastructure is improved, the land then made available, could be 
used for the cultivation of food crops, as the cultivation of feed stocks for biodiesel 
will not provide enough of a margin on the payback of costs to be incurred.  

 
5. The demise of the commercial farmer in South Africa, and related impediments as 

discussed in Chapter 4, leads to the opposite conclusion to that for the U.S. farm 
sector as to the readiness and capacity of the current agricultural industry to handle 
the feed stock needs for a viable biodiesel production industry [USDA, 2010]. 

 

Stellenbosch University http://scholar.sun.ac.za



309 
 

6. During the period in which this dissertation has been in preparation, with intensive 
research being done to ascertain parameters and explore all aspects of biodiesel 
awareness and production possibilities in South Africa, the only initiative from 
Government to stimulate a public participation approach, was at the time prior to the 
acceptance of the National Biofuels Industrial Strategy (NBIS). By comparison, other 
countries have relevant national programmes. It has been commented that South 
Africa needs a “Brazil equivalent”. In contrast, the Biofuels Association of South 
Africa asserts that the country has the technology and resources, but that the lack of 
regulations and government policy inhibits the creation of a successful bio-economy. 
This study also finds that the NBIS fails on a number of counts, as explained in 
section 4.4. 

9.2.2 The second finding- biodiesel as a cost competitive alternative to traditional 
transport fuels 

 
In contrast to the position with the Seven Sisters as the major companies in  crude oil supply 
were described a few decades ago, the supply of oil is now dominated by national oil 
companies. The position with regard to peak oil, fluctuations in production and political 
issues, also affect South Africa as a considerable percentage of its total requirement of 
transport fuels is imported as crude oil and refined locally. The pricing of the relevant 
petroleum products is regulated. For the prescribed feed stocks, nowhere could a reference 
be found on biodiesel being cost competitive without subsidies or some form of support or 
incentive, be it the U.S., Brazil, Argentina or the EU. Furthermore, if diesel consumption 
figures and trends are studied (Figure 4.3, section 4.3), over the short term the fluctuation in 
volumes supplied, is more than the possible biodiesel production envisaged in terms of the 
NBIS directives. This means that an inelastic price position prevails, due to mandatory price 
regulatory practices. There will be no flexibility on biodiesel prices or attractiveness to the 
market. 
 
Two factors in favour of traditional transport fuels that have not been highlighted in 
considering the competitiveness or the position of biodiesel in the longer term, is that South 
Africa has a relatively mature technology position on GTL and for that matter BTL 
technology, the inhibitor in the latter case being the availability and bulkiness of the feed 
stock. Secondly, the country has an enviable position on potential shale gas resources at an 
estimated 485 trillion cubic feet, placing it in the top five of 32 countries in the world on 
technically recoverable shale gas resources at 6 622 trillion cubic feet. There is plenty of 
controversy as to the exploration of these resources in South Africa, however its exploitation 
will change the South African position on energy requirements for transport fuels. 
 
When in 2007 the research proposal was formulated to undertake this study, crude oil prices 
were trending higher and there was nervousness on supplies with a war in Iraq (section 
2.2.4.2.3). The U.S. being the biggest oil user, these factors also stimulated biofuels 
strategies. During the period of this study, some other constraints emerged on biofuels. 
Firstly, there are forms of renewable energy, as discussed in Chapter 2, attracting 
investment, even in South Africa, with wind power and concentrated solar power. Secondly, 
natural gas, tar sands and oil shales resources have considerably expanded in the short 
space of time. Thirdly, new sources of crude oil have been found off the coast of South 
America and Africa, respectively, in what is thought of to be an extension of the Middle East 
basin, and in countries like Mongolia and the Arctic region. The pressures on biofuels 
manufacture have declined and the Global Energy Partnership stated that “biofuels are 
currently at a crossroads” (section 2.7) The finding is that the position is no different in South 
Africa and from this angle, biodiesel will not be a cost competitive alternative. 
 
In the shorter term, for biodiesel feed stocks, South Africa is a net importer of oil seeds and 
vegetable oils and as will be further discussed in other findings presented in this chapter, the 
country’s position in terms of climate, soils, availability of water, and other agro-economic 
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variables does not favour a swing to a better and more competitive position on biodiesel. 
Fundamentally, measured over three seasons where statistics were available, for both 
sunflower and soya beans, in the majority of cases the cultivation of these two crops were 
not profitable. Only in a part of Kwa-Zulu Natal was the cultivation of soya beans profitable, 
in line with research reported by the WRC. The most suitable production areas for soya bean 
and sunflower cultivation overlap, the same finding to a lesser extent also valid for canola 
cultivation, which means that these crops will be in competition with each other for land as 
potential feed stock for biodiesel or many other end uses. The finding follows that the feed 
stock cultivated, will depend on prices realised and projected returns for the crop in question, 
meaning that all crop prices will trend higher and increase the corresponding input for 
biodiesel production. 
 
Biodiesel will not provide a net energy gain or be economically competitive to diesel in the 
short term,  as it cannot be produced in large quantities without compromising food supplies. 
In the longer term, shale gas development  and the outputs from resources in places like 
East Africa, given South Africa’s precarious position on water and climate restrictions, will 
more likely provide South Africa’s energy requirements, even with maybe more FT 
technology utilisation.  

9.2.3 The third finding – the lack of a supply-demand assessment for bioenergy 
uses. 

 
The concept of biomass resources captured by considering agro- and industrial chains in 
different eco-regions in South Africa may have been researched and reported on, but no 
assessment could be found comparable to the work reported in Argentina. South Africa is 
described to be largely semi-arid and furthermore has a negative water management 
balance for its main cropping areas. There is also criticism as to the research dedicated to 
the agrarian industry in general in South Africa. It is said that South Africa has neglected its 
intellectual capacity and capability in this field, in particular, during the last two decades. 
Thirdly, no specific energy balance for South Africa was found and it could be postulated that 
it has not been done as yet, to inform decisions on biodiesel production. 
 
Coupled to the gap on a supply-demand assessment are issues such as the burden  
biodiesel will place on water resources and ecosystems in the production of feed stock and 
the ensuing pollution if conventional conversion and purification practices are followed in 
producing biodiesel. If for other reasons the biodiesel industry is not viable for South Africa 
at present, the finding is that an assessment will assist in formulating policy decisions on 
biodiesel and other biofuels as the social, ecological and economic variables will be 
systematically identified as classified. 

9.2.4 The fourth finding – the variables introduced by supply and demand on a 
provincial basis at the desired blending ratio for biodiesel 

 
South Afica has a deficit on the balance of vegetable oil supply compared to demand. If this 
fact is ignored from the  point of view that all production is currently utilised for other needs, 
and consequently the feed stock available from the identified crops are exclusively used for 
biodiesel production, the provinces of Mpumalanga, the Free State, Limpopo and the North 
West can supply sufficient oil for their respective needs at the blending level of 2% v/v of 
diesel. On the other hand, only the potential demand for biodiesel in Gauteng can support a 
40 000 tonnes/year facility and other economic feasibility studies predicate that below this 
capacity, the biodiesel industry is not viable. Overall, if the total South African production of 
the identified feed stocks is devoted to biodiesel production, the country can supply its total 
requirement at a blending ratio of 2% v/v. A further consideration informing this finding, is 
that there are refining and blending capacities in these provinces, in view of logistics issues 
and cost of transporting biodiesel. 
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9.2.5 The fifth finding – the amount and commercial viability of producing the 
required feed stocks 

 
On a comparative basis, South Africa is not a viable biodiesel producer in terms of the feed 
stocks indentified in the Biofuels Industrial Strategy. The gap between locally produced oil 
seeds and use is huge, the input price will be determined by import parity prices, present 
agricultural practices and the agro-ecological aptitude for the identified feed stocks are not in 
balance. Furthermore, no competitive edge for production could be found for South Africa, 
bearing in mind the yields of the NBIS identified feed stocks, compared to producers like the 
U.S., Brazil and Argentina. 
 
The area of land available for the cultivation of feed stocks for biodiesel (soya beans, 
sunflower, canola), the yields of these feed stocks and the total tonnages available and 
projected over the short term, are insufficient to support the biodiesel production industry, 
given current human and animal consumption of the oil seeds concerned and their 
derivatives. It is common cause that  less productive arable land previously tilled was 
allowed to go to pasture, resulting in the current area of 4,10 million hectares being under 
crops. If the less productive land is brought back into the arable land equation, it follows that 
the yields on this newly made available land will be lower than the current yields on the land 
currently in production and it will be less economic to produce oil seeds on the newly 
generated land. Secondly, by the time land for biodiesel crops earmarked in some 
disadvantaged areas are brought into commercial production, second generation biofuels 
could well be in commercial production. The only benefit in bringing this land back into 
cultivation for biofuel crops, as opposed to negative effects such as possible increases in 
land prices and land competition, is that it may address social- and political problems. 
Thirdly, using the FLM technique, as was done by Cai (section 5.6.1.1), South Africa gets a 
zero rating in terms of land available for bio-energy production.  
 
Fourthly, commercially more appropriate feed stocks such as, for example, waste cooking oil 
(WCO) and the products derived from the animal farming industry do exist, but somehow 
find their way to other uses or into sewers. Some of these feed stocks like tallow, are 
available from concentrated sources like abattoirs, resulting in lower transport costs to 
biodiesel production plants. This study  found that the total manufacturing costs, using WCO  
and tallow in the three selected process routes developed in this study, can be reduced by 
35,4% and 42,1% (HACA); 35,5% and 42,2% (ECA) ; 25,7% and 30,0% (SCA), respectively.  
 
Whereas Jatropha curcas L is not necessarily a viable feed stock and it has been reported 
that it is not the heralded ‘ miracle crop’ on dry land (which is a condition of the directives 
associated with the Biofuels Industrial Strategy), many other potential feed stocks such as 
castor oil and the oils available from the many oil bearing species mentioned in this 
dissertation, have not been scientifically and commercially assessed for South African 
conditions as yet. Specifically for jatropha, the NBIS ruled against its use as a biofuel crop, 
but even so, this study found evidence that a relatively small area in South Africa is suitable 
for its production, also due to to its sensitivity to frost (section 5.2.1.2.2). 
 
This study postulated that the South African standard for biodiesel was based on the 
European standard EN 14214 more so than the American ASTM standard. Consequently 
the issues of oxidative stability and pour point are not eloquently addressed and restrictions 
are introduced on the potential feed stocks that can be used. The ASTM standard can be 
more appropriate for South African conditions. Also the current definition of biodiesel in 
SANS 1935 limits the feed stocks to be natural oils extracted from vegetable oils. It therefore 
excludes fats and oils from other species, renewable diesel and many other products 
identified in this dissertation. It is possible that biodiesel produced from the prescribed feed 
stocks for South Africa, will not easily meet the relevant specification requirements, 
specifically on cetane threshold numbers. 
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Although biodiesel from algae fits under the current definition for biodiesel in terms of the 
South African standard, this source of feed stock, together with many other feed stocks on 
which intensive research is being done in other parts of the world, is not commercially viable 
as feed stock for biodiesel using conventional process routes at present, nor will these feed 
stocks be commercially exploited in the period identified in this dissertation for an economic 
feasibility assessment. As this study reports, this is due to the realities of engineering.  

9.2.6 The sixth finding – identified and commercially examined process routes for 
biodiesel production 

 
The technologies for the production of the alkyl esters and the variables associated with 
these technologies were examined in this dissertation. Three process routes which have in 
common esterification and if more finely tuned, transesterification in common, were 
examined in more detail from a flow sheet and unit processes perspective. The three 
identified process routes were then compared in even more detail, using the flow sheets as 
developed as the point of departure and then estimating manufacturing costs in a 
comparative mode. 
 
It is recognised that the base catalysed (HACA) process route is a mature technology in 
commercial use and the volumes of biodiesel accordingly produced, are mentioned in this 
dissertation. In view of the investigative work that is being done, especially in terms of 
biorefineries and second generation technologies, the finding is that the HACA route can be 
classified as a transition technology in the medium to longer term. Although it is up to 
investors and decision makers to accept a technology and the consequental feasibility 
assessment, no compelling factors could be found to support a viable and conclusive 
position on HACA process route using the feed stocks identified in the National Biofuels 
Industrial Strategy, as to commercial attractiveness. Compared to an October diesel retail 
price of R10,30/l, the projected cost (without profit), as found in this study, amounted to 
R14,24/l. 
 
 In the absence of  commercial alternatives, noting that plants running with heterogeneous 
catalysts are in operation (the Esterfip-H and McGyan processes), pilot plants are in 
operation on the enzymatic (ECA) and supercritical (SCA) process routes, timing becomes a 
factor for a decision on a commercial biodiesel facility. For South Africa, a case can be made 
to postpone the whole biodiesel production debate until more suitable process routes, in 
particular from an environmental and resource point of view, can be quantified in more detail. 
The finding is that the NBIS places restrictions on considering environmentally more benign  
process routes, as “commercially proven technologies” are required (section 7.7.2). 
 
It was found that on a greenfields site at a location preferably close to adequate 
infrastructure, feed stock supplies and the market, a 40 000 tonnes/year biodiesel production 
plant can be established for any on of three process routes as developed in this study, for an 
overall capital investment cost of between R5,00/kg and R5,63/kg. This range of costs, 
equates to an overall capital investment cost of R4,40/l to R4,95/l in 2011 figures. If the TCC 
and TMC estimates are compared for the three process routes, taking into account the 
findings of sensitivity analyses and optimisation possibilities, it was found that remarkably 
similar costs for the three process routes are projected. The costs for the ECA process 
route, if the enzyme catalyst is used at indicative prices, precludes this process route from 
serious attention for commercial production at this point in time.  
 
The SCA process route has some advantages in terms of environmental issues at plant 
level, however more certainty has to emerge as to how effective energy integration can be, 
bearing in mind the temperatures and pressures the plants need to operate at without a co- 
solvent. It is suspected that at molar ratios, pressures and temperatures reported in research 
literature, the estimates that will then be computed for commercial biodiesel production using 
this process, under those conditions imposed, may show it then to be  of academic interest 
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only. This will be due to the limitations that could be introduced in terms of the mechanical 
properties and process conditions that need to be considered. On the other hand, taking into 
account the results from the sensitivity and optimisation work and the inclusion of a co-
solvent, the SCA process route for the process conditions and materials of construction for 
facilities as proposed in this study, is attractive commercially. It was found using tallow, a 
manufacturing cost (without profit) of R9,06/l could be projected, compared to the retail 
selling price of R10,30/l for diesel. 
 
As the tank farm comprises a substantial component of the capital costs, for capacities more 
than 40 000 tonnes.year, the finding is that a linear relationship on cost to capacity can be 
assumed, at least for the HACA and ECA process routes, respectively. For the SCA process 
route, the equipment costs in the conversion area may mean that the relationship between 
cost and capacity, will be dependant on this cost relationship. 

9.2.7 The seventh finding –political and socio economic factors prevailing in South 
Africa 

 
Although the South African 2007 Biofuels Industrial Strategy envisaged a biofuel 
consumption of about 400 million litres by 2013, political and socio economic factors will 
prevent this objective being realised. These factors were described in Chapter 4 and inter 
alia resulted in no cohesive structure or policy in place to co-ordinate the necessary actions. 
Policies have a crucial effect on the growth and direction in which a particular industry will 
develop. It follows that from an economic feasibility point of view, in the time frame this 
dissertation covers, it is an academic issue at present. 
 
It is a myth that biodiesel production will create thousands of employment opportunities in 
South Africa and that vast areas of land are available for the cultivation of suitable feed 
stocks in the short term. The same employment opportunities are available in the cultivation 
of food crops and there are argueably more important considerations from a political and 
socio economic perspective to be addressed in South Africa. Some of the related issues 
were described in this dissertation. No research paper could be found that quantified the 
societal benefits for South Africa, if fossil diesel is blended with biodiesel, especially from a 
sustainability point of view, the six dimensions of sustainability being ecological, social, 
economic, political-institutional, North-South and time.  
 
What has happened in effect in South Africa is that its transformation has become 
ideologically legitimated. South Africa has lost sight of the key principle of creating 
international competitiveness and for example had lost 1,5-million days due to strikes in 
2009, but in the mean time wages increased 140% from 2007 to 2011. If the agricultural side 
of biofuels production is also industrialised, any competitive edge in terms of feed stocks or 
conversion technologies will simply be lost, also with respect to its industrial strategy for 
biofuels, in this case biodiesel. It is found that the real costs of biodiesel production has not 
been assessed, as multiple policy objectives with one strategy are rarely efficient. From 
looking at the I-O model as was done in Croatia, it can be deduced that biodiesel production 
is not an exciting multiplier for job creation.  
 
The technical capability and manufacturing expertise are not problems as the technology is 
either mature or not complicated for the two process routes developed in this study, that are 
not practised on a commercial basis as yet. What is missing, is policy that is not diluted by 
ancillary objectives. The alternative is to accept that it is a political decision to produce 
biodiesel and that the incentives need to be provided at the DOC level together with 
detaxation. It has been found, though, that the South African economy has a strong 
dependence on fossil fuels with a high level of energy intensity per unit of economic output. 
This is due to the roles of the mining sector, transportation and the reliance on coal for 
electricity generation.  
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9.2.8 The eigth finding –environmental considerations 

 
In the first few years of the twenty first century the biofuels industry boomed, fuelled by 
drivers such as the damage caused to the environment by fossil transport fuels as 
manifested in climate change and greenhouse gas emissions. Other factors such as the 
extent of indirect damage to the environment through concepts such as indirect land use 
change, the effectiveness of mono crop cultivation and the lack of a clear sustainability 
ranking through net energy balances and other scientifically justifiable calculations did no 
feature. It is now being realised that previously poorly researched hypotheses are not correct 
and greenhouse gas emissions accounting standards are “flawed” . In a letter published by 
over a hundred scientists and economists, addressed to the European Commission circa 
October 2011, it is stated that the EU is deceiving itself and the public by “asserting that 
biofuels are carbon neutral.” No reason could be found as to why the position would be 
different in South Africa. To the contrary, it was found that South Africa does not have a 
competitive edge on climate, water, environmental advantages or even labour costs. 
 
As the effect of biodiesel production seems to be inconclusive at present and in the EU 
warranting a debate on it being legislated out of existence, as it seems to have a bigger 
overall climate impact than conventional diesel use, it suggests that South Africa should not 
rush into biodiesel production at present. In such a case, the real costs associated with 
biodiesel production will be minimised or avoided, these being opportunity-, implementation-, 
transaction- and institutional costs. These costs are manifested through ecosystem 
degradation, freshwater decline, widespread pollution and greenhouse gas emissions. 
 
In the short term, the issue of food security in South Africa associated with this intervention, 
will not be compromised, and in the longer term the commercialisation of other renewable 
forms of energy may well be worth considering. It is true that compared to coal, the biggest 
source of greenhouse gas emissions in South Africa, the biofuel value chain is accountable 
for lower emissions but no research published could be found on the resultant ILUC changes 
in South Africa, should new land be cultivated for biofuel crops, instead of the current other 
uses for these lands, be it subsistence farming or other industries like tourism. Evidence was 
found on the devastating effects of mono culture practices with the associated uses of 
pesticides and displacement of farmers in other countries. In fact, the Gallagher report found 
that biofuels production shoud target idle and marginal land and the use of wastes as feed 
stock [Gallagher, 2008]  

9.2.9 The ninth finding – incentives for biodiesel production in South Africa 

 
The two main categories in an economic assessment, are the total investment capital costs 
(TCC)  and the total manufacturing and operating costs (TMC). The TCC and some of its 
components are used to determine some of the the direct operating costs (DOC) and some 
of the indirect operating costs (IOC) which in turn are some of the components of the TMC.  
 
If the estimate for costs for the feed stocks specified in the NBIS is studied, it is noted that at 
DOC level the costs are higher per unit of biodiesel produced, than the retail price of diesel it 
seeks to replace, ignoring the lower heating value of biodiesel. Depreciation and the effect of 
reducing or the fuel levy associated with the production of biodiesel are both classified to be 
indirect costs (IOC) and will be of academic importance if the DOC estimate shows the 
results as projected. Feed stocks with cascading tags like waste cooking oil and tallow, can 
be utilised to produce biodiesel at commercially viable quantities in a profitable manner. 
 
It has been found that overall, South Africa rates as one of the lowest in the world on support 
from Government and organisations linked to Government. Other countries where 
reasonable commercial quantities of biodiesel are produced, all have direct subsidies and 
incentives in place. As an example, the U.S. has a subsidy of US$1/ US gallon (R1,98/l) in 
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place and other countries differentiate on duties raised for biodiesel produced, compared to 
the oils used as feed stocks. If there is any serious intention of the South African 
Government to stimulate biofuels development in this country, more tangible incentives have 
to be provided. This dissertation identifies a number of innovative incentives in other 
countries to achieve biofuel use targets. It also reports on the slump in profit margins in 
Europe, the effects of imports from countries where incentives are practised, all activities 
that could damage a biodiesel production industry in South Africa.  

9.3 CONCLUSION 

 
In the research outline for this dissertation, it was hypothesized that a knowledge gap exists 
on biodiesel production in South Africa. Reseach objectives were set to answer the question, 
specifically as to the economic feasibility of commercial production of biodiesel at this point 
in time. At the sacrifice of producing a more voluminous dissertation compared to the norm, 
many developments were captured to provide an insight into the fascinating world of 
chemical engineering, the environment, research and relevant activities of mankind around 
energy and energy carriers, with the emphasis on biodiesel. The particular reseach objective 
was achieved and the knowledge gap narrowed, if not closed for the time being. 
 
Feasibility studies did not reveal the required information in exploring essentially first 
generation technologies, and for selected process routes, from the drafting of flow sheets 
and all the other activities associated with compiling estimates, it was established that 
technically a number of options exist for the construction of one or more biodiesel production 
facilities. 
 
 Analysing sensitivities on a macro- and micro level and attempting to optimise identified 
variables did not succeed in proving that a commercial facility with a capacity of 40 000 
tonnes/year is economically feasible for conventional feed stocks as identified in the NBIS. 
The linear relationship on plant capacities emanating from the need to provide storage for 
feed stock, reagents and products, leads to the finding that the conclusion reached in this 
dissertation, will also be valid for bigger volumes of biodiesel produced. 
 
It was found that with two process routes developed in this study, based on the research 
method of using first principles to assess capital- and manufacturing costs, and secondly 
then be able to use cheaper feed stocks which may contain compounds not conducive to 
conventional conversion technology, it is possible to produce biodiesel at costs of the same 
order of magnitude as the retail price for diesel, based on 2011 crude oil prices. 
 
The conclusion reached in this research is that the commercial production of biodiesel in 
South Africa is not economically feasible at present. Based on the per capita consumption of 
meat in South Africa, potentially more than adequate quantities of tallow and other animal 
fats are available to meet the volume objectives of the NBIS, as could be the position with 
waste cooking oil, if its present destinations can be discovered and it be made available for 
biodiesel production. 
 
For revisiting the question in the fullness of time, note should be taken of the intensive 
research being conducted on second generation technologies and biorefineries in the 
developed world. 
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9.4 THE SPECIFIC CONTRIBUTION TO KNOWLEDGE IN THE BIODIESEL FIELD BY 
THIS STUDY 

 
In the reseach proposal that motivated this study, the conventional process route identified 
for populating all the fields required for capital cost and manufacturing cost estimates, was 
the homogeneous alkali catalyst alcoholysis (HACA) process route. The process flow 
diagram for this process route was shown in Figure 6.16. Secondly, the feed stocks for 
conversion to biodiesel were prescribed in the NBIS and the specification, SANS 1935. 
Thirdly, other inputs such as environmental issues, other forms of renewable enrgy and the 
positions of various contributors had to be examined for their influence on the South 
Africanisation of biodiesel production at a viable commercial capacity. The capacity selected 
was 40 000 tonnes/year, because of market considerations and the location of feed stocks. 
In terms of the NBIS and SANS 1935 only vegetable oils and methanol can be used for 
biodiesel production in South Africa.  
 
For the HACA process route, which with modifications can handle complications with feed 
stocks, data from feasibility studies generated in other parts of the world are scattered, with 
the capital costs for a 40 000 tonnes per year facility ranging from R60 million to R202 
million, examining nine studies and making adjustments for scale, cost escalation and 
currency exchange rates. Also feasibility studies did not disclose battery limits or pricing 
detail on items of equipment. In line with the conclusion stated in the research proposal 
submitted to Stellenbosch University (October 2006), an analytical and systematic approach 
was therefore followed to evaluate the economic feasibility of producing biodiesel in South 
Africa. 
 
This research method entailed the development of process flow sheets, also showing tanks, 
pumps and balance of plant or offsite facilities for a specific variant of base catalysed 
biodiesel production, the HACA process route. The sections included the crude vegetable oil 
degumming and refining section, the reaction section (transesterification), alkyl ester 
purification (ester washing), methanol and glycerol recovery and refining sections. The 
assumptions made were tested against those found in an extensive review of applicable 
literature. From the flow sheet followed mass and energy balances, equipment lists, 
preliminary technical specifications, estimates for plot plans, buildings and area of land 
required. From this work, budget quotations from vendors, suppliers, fabricators and 
contractors were obtained. Where budget quotations could not be solicited, costs were 
calculated from first principles. For distillation columns, this entailed the calculation of 
weights and the relevant costs of ancillary equipment such as condensers, reboilers and 
vacuum generating equipment. The information from the comprehensive priced equipment 
list, was transformed into capital cost estimates. 
 
From extensive work done on projecting operating costs for the parameters determined for 
this study from data generated in South Africa, the estimate for manufacturing costs was 
done, incorporating indirect costs and credit for the sales of by-products. It was found that 
South Africa is a price taker on vegetable oils, in contrast to other countries where feed 
stocks are produced as the consequence of policies such as in Europe (rape seed due to the 
CAP policy) or their use for biodiesel as an alternative to other uses as for soya beans in 
Argentina, Brazil or the U.S., or canola in Canada. Comparing manufacturing costs to the 
retail price of diesel at the end of October 2011, it was found that biodiesel costs resulting 
from using the HACA process route and the prescribed vegetable oils, were 38,25% higher. 
This finding would have concluded the research done in terms of the research proposal for 
the South African position on biodiesel, at least for a plant operating at 40 000 tonnes/year. 
The finding could have satisfied the relevant academic requirements, but the then study 
results also identified the constraints namely the costs associated with the use of the 
prescribed feed stocks, the process limitations on free fatty acids and water, the limitations 
imposed by the HACA process route in terms of the contaminants in the by-product, glycerol 
and pollution issues, especially to do with water. Some feed stock issues, for example waste 
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cooking oil (WCO), can be handled with esterification and other process innovations, but 
from the information recorded on technologies for biodiesel production (Chapter 6), it was 
judged that enough data was available from studies done at laboratory level or in theory, to 
develop the enzymatic catalyst alcoholysis (ECA) process route and the supercritical 
alcoholysis (SCA) process route. For these two process routes, process challenges and 
limitations such as FFA content and water in the feed stocks, the quality of the by-product 
glycerol and some pollution issues, could be overcome. 
 
For both the ECA and SCA process routes, the information on continuously operating 
facilities seems not to have been ever developed in the format of flow sheets, equipment 
specification drafting, quotations for equipment costs, and estimates. From the HACA work, 
the research method was now available, but had to be applied for the ECA and SCA process 
routes. Based on a greenfields site for the establishment of a plant with a capacity of 40 000 
tonnes/year, this was done and the same methodology followed, as was done for the HACA 
process route, as priced for South African conditions. These three process routes were then 
evaluated on comparative basis and total capital investment costs and total manufacturing 
and operating costs assessed.  
 
Thought was given to the Higgins process for the continuous counter current ion exchange 
extraction of uranium and ion exchange technology on water treatment plants in the utility 
industry, as to applicability for the ECA process route. Features of the ECA process flow 
sheet thus developed, such as  the arrangement on the packed columns to facilitate a 
continuous process, and regeneration of the enzyme as catalyst through backwashing, are 
probably patentable. For the SCA process route, testing the flow sheet methodology against 
some process principles applied in the heterogeneous catalyst process routes in the 
McGyan and Esterfip-H processes, reasonable similar principles apply in terms of operating 
temperatures and pressures. However, the unit processes around the conversion section 
has nowhere else, but in this study, taken beyond a conceptual flow sheet. Secondly, 
compared to the capital costs reflected for the HACA process route, the costs associated 
with operating parameters and materials of construction were found to be comparatively 
high. Sensitivity analysis and optimisation studies were therefore done, especially in the 
reaction section, to reduce costs and remarkable results were obtained as reflected in Figure 
9.3. 
 
The permutations considered in the optimisation process for the reaction section of the SCA 
process route involved studying the consequences of using one train of equipment 
comprising the heat exchanger, preheater and reactor with subsequent distillation and 
separation of product, instead of using two trains in series, as is widely practised, especially 
in conventional HACA plants in the U.S.A. Furthermore, when a mechanical limitation was 
discovered on the use of the initially selected material of construction for the equipment in 
the reactor section, stainless steel, in the mechanical designs cladded carbon steel and 
carbon steel were used and the equipment costs for these alternatives determined and 
factored into the estimates. From the relevant calculations and priced equipment lists, the 
capital costs summaries were obtained. The relationship between the equipment total 
installed cost ETIC and the total construction cost, will be the cost of the buildings needed. If 
the project management fees, contingencies and the  cost of land are added to the total 
construction cost, the fixed capital cost (FCC) is obtained. The working capital, taken to be 
ten percent of the FCC and added to it, will then yield the total capital investment cost (TCC). 
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Figure 9.3 Total capital investment cost comparison in SCA reaction section  
 

 
 
Legend: SCA-2R ss Reaction section with two trains, material of construction stainless steel. 
              SCA-2R cs Reaction section with two trains, material of construction carbon steel. 
              SCA-1R ss Reaction section with one train, material of construction stainless steel. 
              SCA-1R cs Reaction section with one train, material of construction carbon steel. 

 
In this study, especially with mechanical designs and prices for the heat exchangers and 
other equipment, the level of accuracy is probably at the definitive estimate stage, but in all 
three cases, the HACA, ECA and SCA process routes, respectively, the research proposal 
that initiated this study, did not envisage such a complete study. The estimates for 
earthworks, civils, buildings and the balance of plant were developed for an actual facility 
that can be built in South Africa,  but the principles and methodology developed, can be 
applied universally. Thus estimates at this capacity can now be done anywhere in the world, 
if the costs of individual items of equipment and services as at that location, are known. As 
has been stated in the findings, a linear relationship is predicted between capital cost and 
capacity, the threshold being 15 000 tonnes/year. 
 
The initial result from the study also identified a constraint in terms of the costs associated 
with the prescribed feed stocks. The use of WCO and tallow as feed stocks is practised in 
some biodiesel production facilities in other parts of the world. The associated limitations, 
being the level of free fatty acids and possible water content, are to be managed. With the 
process routes developed in this study, both these feed stocks can be used, instead of 
having to consider pre-treatment through acid-catalysis or neutralisation and the removal of 
water. 
 
In the OECD study [von Lampe, 2006], further research was required and recommended to 
compare data from a plethora of studies available on especially the HACA process route. 
This study succeeded to establish a basis from first principles to predict the economic 
feasibility of commercial biodiesel production at 40 000 tonnes/year for three process routes, 
two of these being unique in terms of the research method followed.     
 
For conventional feed stocks, biodiesel production at a commercial capacity is not 
economically attractive in South Africa, but this study found ways through process routes 
and alternative feed stocks, that can change the status quo. In effect a reversal of the 
transfer of knowledge took place, where the estimates for biodiesel production can be 
validated anywhere in the world at a capcity of 40 000 tonnes/year and extrapolated, 
provided the inputs on unit costs and services are known. 
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9.5  RECOMMENDATIONS FOR FURTHER WORK 

9.5.1 Publication of research papers. 

 
It is recommended that the findings of this study and selected topics be used for the 
publication of some research papers and if deemed necessary, some articles be written for 
faculty newsletters and other media. The study has probably generated source material for a 
spectrum of researchers and readers and the following comes to mind: 
 

1. The appropriateness of feed stocks and conventional process routes for the 
production of commercial quantities of biodiesel in South Africa. 

2. A critical assessment of potentially viable process routes and a comparative 
evaluation of the  economic feasibility of biodiesel production in South Africa. 

3. Advantages of a project based approach to biodiesel production and the limitations 
introduced by the National Biofuels Industrial Strategy. 

4. The roles of Governments in biofuels policies. 
5. Concerns about environmental issues in biodiesel production with specific reference 

to South Africa. 
6. A cost comparison on process routes and major items of equipment, including the 

effect of unit processes selected and materials of construction. 
 
Following remarks that may be generated in presenting this study, no doubt many more 
topics could be addressed.    

9.5.2 Recommendations for further studies 

 
It is proposed that the research objectives listed in this study have been achieved but that 
further work is necessary to fully develop some of the concepts and approaches 
documented in other sections of this dissertation. The work identified in those sections, if 
pursued, will lead to a better understanding and more conclusive remarks as to the 
interaction and effect of variables mentioned in this study. Some relevant recommendations 
feature below: 
 

1. The super critical alcoholysis (SCA) process route, as shown in this research, may 
well be competitive to the conventional commercial process route as adapted and 
named the HACA process route, and attractive from an environmental perspective. 
An in-depth study of the effect of feed stock, reagents and products at supercritical 
conditions on materials of construction will provide a more conclusive statement. 

 
2. For the SCA process route, the effects of using co-solvents and energy optimisation 

for the heat transfer equipment, including the reactors and unit processes on 
purification, will provide more certainty on economic limitations at different plant 
capacities. 

 
3. Depending on the outcome of a study on the energy integration and materials of 

construction for the equipment and transesterification section of the SCA process, it 
is advocated that a pilot plant be built and operated on a continuous basis and the 
results as to its functioning be reported. 

 
4. If a pilot plant is constructed for the SCA process, tests to be conducted and the  

findings reported, for oils containing high levels of free fatty acids and water. The pilot 
plant could also be used for work on oils like castor oil, waste cooking oil (yellow 
grease), tallow, oils derived from algae cultivation and reagents like ethanol.  
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5. Validate information on the claimed imminent decrease in the cost of lipase catalysts, 
and decide in the event of a positive conclusion, to design and operate a pilot plant 
running  on a continuous basis, using the concepts embodied in the flow sheet and 
relevant comments on the ECA process route. 

 
6. In view of the volumes of vegetable oils imported, investigate the quantities of these 

oils present in one or more municipal waste treatment plants and the ease of using 
these oils thus found and extracted for biodiesel production. 

 
7. Investigate any changes in the South African position and an export  parity driven 

position in the event of one or more facilities  provided for oil seed meal production in 
sufficient quantities to warrant a change in thinking on the economics of local 
biodiesel production. 

 
8. The severe limitations on feed stock that can be made available and the 

appropriateness of the current standards for the quality of biodiesel need to be 
addressed and recommendations formulated. 

 
9. As it is judged that the EN 14214 is more stringent than the ASTM standard on 

biodiesel production and this country is more aligned to the former standard, 
investigate the cost differentials between purification by biodiesel distillation 
compared to washing and dry purification with the view to make informed local 
decisions on the preferred purification unit processes., and optimised utility 
consumption. Also evaluate materials of construction that on replacement, take 
advantage of depreciation dispensations. 

 
10. In view of the favourable directive on depreciation, investigate the provision of trains 

of smaller packed columns in the ECA process route, compared to large packed 
columns in series, and report on the cascade effect on pumps and heat exchangers. 

 
11.  Do water balance studies and investigate the potential of halophytes as a source of 

oils in South Africa. 
 

12. Investigate the potential for biodiesel production in a subsistence mode in rural 
communities. 

 
13. Investigate the applicability of the AWRAS model on oil seeds as invasive species, 

following a desk-top study on all the potential oil bearing species that could be 
suitable for South African conditions. 

 
14. Investigate glycerol derived from biodiesel production as the feed stock for the 

establishment of a fines chemical industry in South Africa. 
 

15. Investigative work on feed stocks and processes on renewable diesel specific to 
South Africa. 

 
There is no doubt a number of investigations that the promoters for this study may have in 
mind for researchers at various academic levels to further the knowledge on important 
aspects of the spectrum covered in this study. 
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11 APPENDICES ON TECHNICAL AND ESTIMATING INFORMATION 
 

11.1 APPENDIX A 

 
11.1.1 Conversion factors and tables 
 

Currencies and conversions. 
 
As this dissertation was structured to be an explorative as well as an in depth study, many 
references and research articles were consulted. In doing so, a plethora of systems were 
encountered as the System Internationale (SI) does not apply universally. There is no 
uniform measure of energy or mass available and in addition certain industries like the 
petroleum industry and the agricultural industry have measures which are not used 
elsewhere. In this appendix conversions are presented for easy reference. In addition, 
pertinent information such as densities and heat values are given for important substances 
and compounds referred to in this disser-tation. 
 
A number of sources were used in compiling the information set out in this appendix, such 
as the Chemical Engineers Handbook, [Perry, 1963]; the BP Stastitical Review of World 
Energy, [BP, 2008]; the Oak Ridge National Laboratory, [ORNL, 2008]; various studies and 
dissertations, [Hamelinck, 2004; Smeets, 2005; LMC, 2007; IEA, 2008; Marchetti, 2007] In 
using conversions, the lectures by the late Prof. O.B.Volckman, Head of the Department of 
Chemical Engineering at the University of the Witwatersrand, to first year students in 1964 
come to mind as he had a fool proof method of conversions that stayed with this author 
throughout his career. 

 
Currency conversions. 
 
Since this research commenced, there were some significant global economic occurrences 
that affected exchange rates. To get to a common base, the following exchange rates were 
applied in this study, except where it was otherwise stated in the text. 
 
U.S. dollar $1 = R7.50 
British Pound Sterling ₤1 = R11 
European Euro € = R10 
Canadian dollar CA $: CA $ 18.79 = € 14; CA $ 1= € 0.745; reference 16/09/2010. 
Malaysia: RM 60= €11.8; RM 1 = € 0.197, Biofuels International 17/03/2008. 
Colombia: U.S.dollar $ 1 = 2.320 Colombian pesos ; reference Zapata, 2007 (March) 
U.S. dollar $1 = Philippine PhP48; reference Chang, 2010. 
U.S. dollar $1 = Indian rupees INR 45 [Kukrika, 2008] 
U.S. dollar $1 = 1,18 Swiss franks. 
 
Densities, heating values and  viscosities. 
 
Substance                  Density (kg/l)   Heating value (MJ/kg)   Viscosity (mm²/s)   

 
Ethanol                       0.79                 29.7                                  - 
Biodiesel                     0.88                 37.8 (118,296 Btu/gal)  3.6 – 4.0 (311K) 
Diesel                         0.855               43.8  (129,500 Btu/gal)  3.06 
Vegetable oils             0.9                   -                                     33 – 36  (311K) 
Castor oil                    0.962 
Soya bean                  0.885               33.5                                4.5 
Palm                           0.88                 33.5                                5.7 
Sunflower                   0.86                 33.5                                4.6 
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Methanol                     0.79                19.8                                 - 
30% NaOCH3              0.97 
F-T diesel                   0.77                 42.9                                 - 
Hydrogen                    0.71 (liquid)     120                                  - 
                                   0.0848 (gas)                              
Hexane                       0.6603 
Glycerol                      1.260 
 
Note: The SI unit of kinematic viscosity (ν) is the square meter per second (m²/s); a more 
common unit being smaller is the square centimetre per second (stokes); even more 
common is centistokes (cST) or square millimetre per second. The kinematic viscosity is the 
ratio of the viscosity to its density, v = η/ρ 
                                 
         1 m²/s = 10,000 cm²/s (stokes) = 1,000,000 mm²/s (centistokes –cSt)   
 
 
 
 
 
Unit (trivial name)                                                SI unit or other general unit. 
 
1 gal (US liquid)                                             = 3.785x 10¯³ m³ 
1 scf                                                               = 26.3x 10¯³ m³ 
1 barrel                                                          = 42 gallon = 0.1589 m³ 
1 barrel per day                                             = 49.8 tonnes per year 
1 lb mass                                                       = 0.4535 kg 
1 ton (short = 2 000 lb mass) (US ton)          = 907 kg 
1 tonne                                                          = 1000 kg = 2205 lbs 
1 imperial ton (long ton or shipping ton)       = 2240 lbs 
1 BTU (International Steam Table)               = 1056 J 
1 t.o.e. (“ton oil equivalent”)                          = 41.9 GJ 
1 barrel oil (=42 gallon or 0.1589 m³)            = 6.12 GJHHV 

1 litre                                                             = 0.264 US gallon = 0.220 Imperial gln 
1 Imperial gallon                                           = 4.55 litre = 1.20 US gallon 
1 MWh                                                           = 3.6 GJ 
1 Btu/gal                                                      = 279 kJ/m³ 
1 mile                                                            = 1.61 km 
1psi                                                               = 0.069 bar 
1 bar                                                             = 101.325 kPa = 14.5038 lbf/in² 
1 atm                                                            = 101.325 kPa 
1MPa                                                            = 1000 kPa = 10 bar 
1 €/GJHHV                                                      = 0.0352 €/l petrol = 0.0377 €/l diesel 
1Gt                                                                = 1 gigatonne (1 billion metric tonnes) 
 
Areas and crop yields. 
 
1.0 hectare                                                    = 10 000 m² (area 100x100m) 
1.0 hectare                                                    = 2.47 acres (area 328x328 ft) 
1.0 km²                                                          = 100 hectares (ha) = 247 acres 
1 metric tonne/ha                                          = 0.446 US ton/acre = 100g/m²  
                                                                      = 892 lb/acre  
1 US bushel                                                  = 0.0352 m³ = 0.97 UK bushel 
                                                                      = 56 lb or 25.401 kg (maize or sorghum) 
                                                                      = 60 lb or 27.215 kg (wheat or soybeans) 
                                                                      = 48 lb or 21.772 kg (barley) 
                                                                      = 8 dry US gallon of corn (maize) 
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                                                                      = 9 wet US gallon of wine 
Energy units 
 
1.0 joule (J)                                                  =1 Newton over a distance of 1 m 
                                                                     = 1 kg m²/s² 
                                                                     = 0.239 calories (cal) 
1 calorie                                                       = 4.187 J 
1 British thermal unit (Btu)                           = 1055 joules (1.055 kJ) 
1.0 Quad  (10 to the power 15 Btu)              = One quadrillion Btu = 1.055 exajoules  
                                                                     = 172 million barrels of oil equivalent boe 
 1000 Btu/lb                                                  = 2.33 gigajoules (10 to the power 9) 
1000 Btu/US gallon                                      = 0.279 megajoules per litre (MJ/l) 
1 watt                                                           = 1.0 joule/s = 3.413 Btu/hr 
1 kilowatt-hour (kWh)                                  = 860 kcal = 3600 kJ = 3412 Btu 
1 horsepower                                              = 0.746 kW 
1 tonne of oil equivalent                              = 10 million kilocalories 
                                                                    = 42 gigajoules 
                                                                    = 40 million Btu 
                                                                    = 1.5 tonnes of hard coal 
                                                                    = 3 tonnes of lignite 
                                                                    = 12 megawatt hours electricity (MWh) 
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11.2 Appendix B 

 

11.2.1 Mass balance process model for base catalysed biodiesel production 

 

 
Figure 11.1  Continuous base-catalyzed biodiesel production process used for model 
development 
Equipment: (A) heater, (B) mixing tank, (C) centrifuge, 
(D) gums/water separator, (E) refining tank, (F) centrifuge, (G) heater, (H) vacuum oil dryer, (I) surge tank, (J) 
continuous stirred tank reactor 
(CSTR) 1, (K) decanter 1, (L) CSTR 2, (M) decanter 2, (N) heater, (O) heater, (P) wash columns, (Q) settler tank, (R) 
heater, (S) vacuum ester dryer, 
(T) collecting tank, (U) heater, (V) glycerol-alcohol stripper, (W) distillation column/reboiler, (X) reflux condenser, (Y) 
glycerol hold tank, (Z) acidulation 
reactor, and (AA) decanter. Streams: (1) crude oil, (2) heated crude oil, (3) phosphoric acid, (4) soft water, (5) mixing 
tank outstream, (6) gums-water 
mix, (7) gums, (8) water, (9) degummed oil, (10) NaOH solution, (11) wash water, (12) refining tank outstream, (13) 
soapstock, (14) centrifuge outstream, 
(15) heater outstream, (16) water vapor, (17) hot oil, (18) refined oil, (19) sodium methoxide, (20) methanol, (21) CSTR 1 
outstream, (22) glycerol phase, 
(23) ester phase, (24) sodium methoxide, (25) methanol, (26) CSTR 2 outstream, (27) glycerol phase, (28) ester phase, 
(29) heater outstream, (30) soft 
water, (31) heated wash water, (32) waste stream, (33) washed esters, (34) aqueous phase, (35) esters, (36) heated 
esters, (37) water vapor, (38) biodiesel, 
(39) glycerol/aqueous phase, (40) heater outstream, (41) super heated steam, (42) saturated methanol vapors and 
saturated steam, (43) methanol vapor, (44) distillation column bottoms, (45) recycled methanol, (46) hot glycerol 
solution, (47) glycerine, (48) HCl solution, (49) acidulation reactor outstream, (50) waste, and (51) product glycerol. 
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11.2.2 Mass balance for a 40 000 tonnes per year base catalysed continuously 
operated biodiesel plant 

 
In this appendix the mass balance model developed at the University of North Dakota under 
the leadership of Prof. D. Wiesenborn is applied to a 40 000 tonnes per year continuously 
operated biodiesel plant. An alkaline (base) case is applied using two continuous stirred tank 
reactors (CSTR) for the transesterification process on a crude soybean oil that is degummed 
and refined. Instead of following the exact process route as described in Appendix B1 the 
flow sheet presented in an earlier chapter is used to calculate the streams and their mass 
compositions. 
 
The main variables are the input of crude oil  at 5 000 kg/hr; the alcohol to triglyceride molar 
ratio at 6:1; and the transesterification efficiency at 98%. The Fatty Acid Alkyl Ester (FAAE) 
produced at a 100% efficiency is shown by the model to be 4 697,53 kg/hr and every 1% 
reduction in efficiency corresponds to 46,97 kg/hr of biodiesel not produced.  
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Stream 1 2 3 4 5 6 7 8 9 10 11 12 

Description 
Fresh 

methanol 
delivery 

Fresh 
methanol 

to tank 

Methanol 
recycled 

from 
plant 

Methanol 
blend to 

pump 

Methanol 
feed to 
plant 

Methanol 
to 

catalyst 
mixer 

Methanol 
to 

Reactor 
1 

Methanol 
to 

Reactor 
2 

Methoxide 
catalyst 

tank 
outlet 

Methoxide 
to splitter 

Methoxide 
to Reactor 

1 

Methoxide 
to Reactor 

2 

Phase (L=liquid; V=vapour) L L L L L L L L L L L L 

02 Temperature (K) 298.00 298.00 298.00 298.00 298.00 298.00 298.00 313.00 313.00 313.00 313.00 313.00 

03 Pressure (mPa)                         

04 Total flow (kg/hr) 517,81 517,81 666,84 1184,35 1184,35 484,00 609,00 91,35 537,80 537,80 467,60 70,20 

  Note 2                       

05 Water                         

06 Methanol/ Ethanol   517,81 666,84 1184,35 1184,35 484,00 609,00 91,35 484,00 484,00 420,84 63,16 

07 Sodium methoxide                 53,80 53,80 46,76 7,04 

08 Crude oil                         

09    Triglycerides                         

10    Free fatty acids                         

11    Phosphatides                         

12    Others (Unsaponifiable matter)                         

13 Glycerol                         

14 Hexane                         

15 Biodiesel (FAAE)                         

16 NaOH                         

17 Phosphoric acid                         

18 HCl                         

19 Gums                         

20 NaCl                         

21 Soapstock                         

22 Steam                         

Total (M) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
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Stream 13 13A 13 B 14 15 16 17 18 19 20 21 22 

Description 

Soft 
water 
from 

demin. 
Plant 

Soft water 
storage 

tank 
discharge 

Soft 
water 

to 
boiler 

Circulating 
soft water 

Soft 
water 

to 
NaOH 
mixer 

NaOH 
mixer 

discharge 

NaOH soln. 
to 

neutraliser 

Soft 
water 

to 
heater 

Soft water 
to 

neutraliser 

Soft 
water 

to 
gums 
mixer 

Phosphoric 
acid to 

gums mixer 

Vegetable 
oil plant 
delivery 

Phase (L=liquid; V=vapour) L L L L L L L L L L L L 

02 Temperature (K) 298.00 298.00 298.00 298.00 298.00 298.00 298.00 298.00 298.00 298.00 298.00 298.00 

03 Pressure (mPa)                         

04 Total flow (kg/hr) 7928,34 7928,34 6182,62 1745,72 116,70 128,95 128,95 920,72 750,00 75,00 5,00   

                        Note 2 

05 Water 7928,34 7928,34 6182,62 1745,72 116,70 116,70 116,70 920,72 750,00 75,00 0,75   

06 Methanol/ Ethanol                         

07 Sodium methoxide                         

08 Crude oil                         

09    Triglycerides                         

10    Free fatty acids                         

11    Phosphatides                         

12    Others (Unsaponifiable matter)                         

13 Glycerol                         

14 Hexane                         

15 Biodiesel (FAAE)                         

16 NaOH           12,25 12,25           

17 Phosphoric acid                     4,25   

18 HCl                         

19 Gums                         

20 NaCl                         

21 Soapstock                         

22 Steam                         

Total (M) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
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Stream 23 23 A 24 25 26 27 28 29 A 29 B 30 31 32 

Description 

Crude oil 
tank 

discharge 

Crude oil 
pre-

esterified 

Crude 
oil 

plant 
feed 

Crude oil 
heater 

outstream 

Gums 
mixing 

tank 
outstream 

Degummed 
oil to 

neutraliser 

Gums 
water 
mix 

Waste 
stream 
from 
gums 
water 

cntrfuge 

Gums 
to 

pump 
for 

storage 

Gums 
from 

storage 
to 

loading 

Neutralised 
oil 

outstream 

Oil phase 
centrifuge 
outstream 

Phase (L=liquid; V=vapour)     L L L L L L L L L L 

02 Temperature (K)     313.00 343.00 313.00 313.00 313.00 313.00 298.00 298.00 313.00 313.00 

03 Pressure (mPa)                         

04 Total flow (kg/hr)     5000,00 5000,00 5080,00 4876,38 203,62 75,37 128,25   869,63   

                    Note 2     

05 Water         75,75 0,38 75,37 75,37       4,35 

06 Methanol/ Ethanol                         

07 Sodium methoxide                         

08 Crude oil     5000,00 5000,00 5000,00 4876,00           4734,90 

09    Triglycerides     4800,00 4800,00 4800,00 4776,00 24,00   24,00   4776,00 4676,00 

10    Free fatty acids     40,00 40,00 40,00 40,00         0,40 0,40 

11    Phosphatides     100,00 100,00 0.00 0.00             

12    Others (Unsaponifiable matter)     60,00 60,00 60,00 60,00         60,00 58,50 

13 Glycerol                         

14 Hexane                         

15 Biodiesel (FAAE)                         

16 NaOH                     6,56   

17 Phosphoric acid                         

18 HCl                         

19 Gums         104,25   104,25   104,25       

20 NaCl                         

21 Soapstock                     39,60   

22 Steam                         

Total (M) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
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Stream 33 34 35 36 37 37 A 38 39 40 41 42 43 

Description 
Soap 
stock 

Heater 
out- 

stream 
to 

Vacuum 
drier 

Soap 
stock to 
loading 
pump 

Heater 
Outstream 

Hot oil 
from 

vacuum 
drier 

Water 
vapour 

Refined 
oil from 
storage 

Refined 
oil to 

Reactor 
1 

Reactor 1 
outstream 

Glycerol 
phase from 

R 1 
separation 

Glycerine 
pump 

discharge 
to storage 

Ester 
phase to 
Reactor 
2 pump 

Phase (L=liquid; V=vapour) L L L L L V L L L L L L 

02 Temperature (K) 313.00 313.00 298.00 363.00 373.00 363.00 343.00 343.00 343.00 343.00 343.00 343.00 

03 Pressure (mPa)                         

04 Total flow (kg/hr)       4734,90 4734,90 4,35 4734,90 4734,90 5801,70 815,80 815,80 4986,27 

      Note 2                   

05 Water 865,28 865,28       4,35             

06 Methanol/ Ethanol                 582,75 349,65 349,65 233,10 

07 Sodium methoxide                 46,76 46,76 46,76   

08 Crude oil 101,50 101,50         4734,90 4734,90         

09    Triglycerides 100,00 100,00   4676,00 4676,00   4676,00 4676,00 701,40     701,40 

10    Free fatty acids       0,40 0,40   0,40 0,40 0.00     0.00 

11    Phosphatides       0.00 0.00   0.00 0.00 0.00     0.00 

12    Others (Unsaponifiable matter) 1,50 1,50   58,50 58,50   58,50 58,50 58,5     58,5 

13 Glycerol                 419,38 419,38 419,38   

14 Hexane                         

15 Biodiesel (FAAE)                 3992,91     3992,91 

16 NaOH 6,56 6,56                     

17 Phosphoric acid                         

18 HCl                         

19 Gums                         

20 NaCl                         

21 Soapstock 39,60 39,60             0,40 0,40 0,40 0,36 

22 Steam                         

Total (M) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
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Stream 44 45 46 46 A 47 48 49 50 51 52 53 54 

Description 
Reactor 
2 feed 

Reactor 2 
outstream 

Ester 
phase 

outstream 
to pump 

Heater 
out- 

stream 
to ester 
washing 

Glycerol 
from 

Reactor 
2 to 

storage 

Hot soft 
water to 

ester 
washings 

Water 
washings 

Ester 
from 

Washing 
col. 

Centrifuged 
washed 
water 

Water 
to gly- 
cerol 

storage 

Centrifuged 
biodiesel to 

heater 

Heated 
ester to 
vacuum 

Phase (L=liquid; V=vapour) L L L L L L L L L L L L 

02 Temperature (K) 343.00 333.00 333.00 343.00 333.00 343.00 343.00 343.00 298.00 298,00 298.00 368.00 

03 Pressure (mPa)                         

04 Total flow (kg/hr) 4986,27 5067,93 4804,69 4804,69 263,90 920,72 957,22 4768,18 87,47 961,50 4680,71 4680,71 

                          

05 Water           920,72 828,64 92,07 87,47 833,24 4,60 4,60 

06 Methanol/ Ethanol 233,10 320,64 128,26 128,26 192,38   128,26     128,26     

07 Sodium methoxide   7,04     7,04               

08 Crude oil   72,53 72,53         72,53         

09    Triglycerides 701,40 14,03 14,03 14,03       14,03     14,03 14,03 

10    Free fatty acids 0.00             0.00     0.00 0.00 

11    Phosphatides 0.00             0.00     0.00 0.00 

12    Others (Unsaponifiable matter) 58,5 58,50 58,5 58,50       58,5     58,5 58,5 

13 Glycerol   64,14     64,14               

14 Hexane                         

15 Biodiesel (FAAE) 3992,91 4603,58 4603,58 4603,58       4603,58     4603,58 4603,58 

16 NaOH                         

17 Phosphoric acid                         

18 HCl                         

19 Gums                         

20 NaCl                         

21 Soapstock 0,36 0,36     0,36   0,324           

22 Steam                         

Total (M) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
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Stream 55 56 57 58 59 60 61 62 63 64 65 66 

Description 

Water 
vapour & 
methanol 

from 
vacuum 

Biodiesel 
to 

storage 
tank 

Biodiesel 
from 

Storage 
tank to 
loading 
pump 

Biodiesel 
from 

pump to 
off site 

Glycerol/ 
aqueous 

phase 
from 

storage 

Heater 
out- 

stream 

Superheated 
steam from 

boiler 

Methanol 
steam 

vapours 

Glycerol 
strip- 
per 

bottoms 

Glycerol 
from 

storage for 
acidulation 

Pumped 
crude 

glycerol 

HCl 
solution 

for 
acidulation 

Phase (L=liquid; V=vapour) V L     L L V V L L L L 

02 Temperature (K) 368.00 368.00     298.00 338.00   373.00 373.00 298.00 298.00 298.00 

03 Pressure (mPa)                         

04 Total flow (kg/hr) 4,60 4676,11     2123,69 2123,69   1586,40 537,69 537,69     

      Note 2 Note 2                 

05 Water 4,60       916,11 916,11   916,11       228,52 

06 Methanol/ Ethanol         670,29 670,29   670,29         

07 Sodium methoxide         53,77 53,77     53,77 53,77 53,77   

08 Crude oil                         

09    Triglycerides   14,03                     

10    Free fatty acids                         

11    Phosphatides                         

12    Others (Unsaponifiable matter)   58,50                     

13 Glycerol         483,52 483,52     483,52 483,52 483,52   

14 Hexane                         

15 Biodiesel (FAAE)   4603,58                     

16 NaOH                         

17 Phosphoric acid                         

18 HCl                       40,33 

19 Gums                         

20 NaCl                         

21 Soapstock         0,40 0,40       0,40 0,40   

22 Steam           1502.00 4013,00           

Total (M) 0.00 0.00 0.00 0.00 0.00 1502.00 0.00 0.00 0.00 0.00 0.00 0.00 
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Stream 67 68 69 70 71 72 73 74 75 76 77 78 

Description 

Acidulated 
pro- duct 
to pump 

Acidulation 
reactor out- 

stream 

Glycerol 
cen- 

trifuge 
bottoms 

Water 
from 

glycerol 
centrifuge 

Water 
ex 

glyce- 
rol to 

storage 

Waste 
water 

off 
site 

Glycerol 
from 
site 

storage 
tank 

Glycerol 
from 

pump to 
off site 

Methanol 
distillation 

column 
feed 

Reboiler 
return 

Distillation 
column 
bottoms 

Methanol 
column 
bottom 
product 

Phase (L=liquid; V=vapour) L L L L L L L L L L L L 

02 Temperature (K)   298.00 298.00 298.00 298.00 298.00 298.00 298.00 298.00 373.00 373.00 343.00 

03 Pressure (mPa)                         

04 Total flow (kg/hr)                 1586,40       

            Note 2 Note 2 Note 2         

05 Water 228,52 228,52   228,52 228,52       916,11   916,11 916,11 

06 Methanol/ Ethanol 31,90 31,90   31,90 31,90       670,39   3,35 3,35 

07 Sodium methoxide                         

08 Crude oil                         

09    Triglycerides                         

10    Free fatty acids 0,4 0,4   0,4 0,4               

11    Phosphatides                         

12    Others (Unsaponifiable matter)                         

13 Glycerol 483,52 483,52 483,52                   

14 Hexane                         

15 Biodiesel (FAAE)                         

16 NaOH                         

17 Phosphoric acid                         

18 HCl 3,93 3,93                     

19 Gums                         

20 NaCl 32,00 32,00   32,00 32,00               

21 Soapstock                         

22 Steam                         

Total (M) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
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Stream 79 80 81 82 83 84 85 86 87 88 89 90 

Description 

Methanol 
column 

tops 
Condenser 

return 
Column 
vapour 

Methanol 
to 

recycle 
tank 

Animal 
fats 

delivery 

Animal 
fats 

storage 
tank 

Animal 
fats to 
pre-

esterifica- 
tion 

Water 
from 
ani- 
mal 
fats 

splitter 

Superheated 
steam from 

boiler       

Phase (L=liquid; V=vapour) V L V L                 

02 Temperature (K) 373.00 343.00 373.00 298.00                 

03 Pressure (mPa)                         

04 Total flow (kg/hr)       666,94                 

          Note 3 Note 3 Note3 Note 3 Note 3       

05 Water                         

06 Methanol/ Ethanol 666,94     666,94                 

07 Sodium methoxide                         

08 Crude oil                         

09    Triglycerides                         

10    Free fatty acids                         

11    Phosphatides                         

12    Others (Unsaponifiable matter)                         

13 Glycerol                         

14 Hexane                         

15 Biodiesel (FAAE)                         

16 NaOH                         

17 Phosphoric acid                         

18 HCl                         

19 Gums                         

20 NaCl                         

21 Soapstock                         

22 Steam                         

Total (M) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
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11.2.3 Process streams for biodiesel production  

 
In this appendix two lists of streams for the two process routes not fully shown as mass 
balance tables are given. The numbers for the different streams correspond to the numbers 
for the streams as depicted on the flow sheets for the enzymatic process route and the 
supercritical process route respectively. 

 
 
 

11.2.3.1 Process stream for the enzymatic process route flow sheet 

 
Stream number.  Description. 
 

01. Crude oil ex delivery. 
02. Waste cooking oil ex delivery. 
03. Pumped oil to storage tank. 
04. Stored heated oil. 
05. Water to demin plant. 
06. Soft water from demin plant. (A 13) 
07. Soft water storage tank discharge. (A13A) 
08. Circulating soft water. (A14) 
09. Steam from boiler. 
10. Process water into storage. 
11. Process water storage tank discharge. 
12. Process water to heater. 
13. Heated process water for reactors. 
14. Soft water to boiler. (A13B) 
15. Soft water to gums mixer. 
16. Hexane/methanol return from stream 86. 
17.  ?? 
18. Delivered hexane. 
19. Pumped phosphoric acid to storage. (A==) 
20. Phosphoric acid from storage. 
21. Vegetable oil from processing plant. 
22. Crude vegetable oil to storage.  
23. Crude oil plant feed. (A24) 
24. Crude oil to heater. 
25. Crude oil heater outstream. (A25) 
26. Gums mixing tank outstream. (A26) 
27. Degummed oil separator discharge. 
28. Gums water mix. 
29. Degummed oil to heater. 
30. Degummed oil heater outstream. 
31. Waste water from gums water centrifuge. (A29A) 
32. Gums to pump for storage. (A29B) 
33. Pumped waste stream to storage. 
34. Pumped gums to storage. 
35. Gums from storage to loading pump. 
36. Gums pump delivery. 
37. Hot oil from storage. 
38. Hot oil feed to reactors. 
39. Fresh methanol delivery. (A1) 
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40. Methanol from storage. 
41. Methanol from pump to holding tank. 
42. Methanol holding tank discharge.  
43. Methanol circulating stream.  
44. Hexane to holding tank.  
45. Hexane from holding tank to mixer pump. 
46. Hexane mixer pump discharge. 
47. Hexane/methanol mixer discharge to reactors. 
48. Reactor 1 mixer discharge. 
49. Reactor 1 discharge. 
50. Ester phase centrifuge discharge from reactor 1. 
51. Ester phase to reactor 2. 
52. Reactor 1 process water to heater. 
53. Heater outstream from reactor 1. 
54. Reactor mixer discharge. 
55. Reactor 2 discharge. 
56. Ester phase centrifuge discharge from reactor 2. 
57. Ester phase to reactor 3. 
58. Reactor 2 process water to heater. 
59. Heater outstream from reactor 2. 
60. Reactor 3 mixer discharge. 
61. Reactor 3 discharge. 
62. Ester phase centrifuge discharge from reactor 3. 
63. Ester phase to reactor 4. 
64. Reactor 3 process water to heater. 
65. Heater outstream from reactor 3. 
66. Reactor 4 mixer discharge.  
67. Reactor 4 discharge. 
68. Ester phase to flash drum pump. 
69. Process water from reactors to ester washing column. 
70. Ester phase pump discharge to flash drum heater. 
71. Heater outstream to flash drum. 
72. Flash drum esteer discharge. 
73. Ester phase to wash column. (A46A) 
74. Wash column water discharge. 
75. Biodiesel distillation column ester feed. 
76. Distillation column biodiesel product. (A50) 
77. Biodiesel product to storage. (A50) 
78. Reboiler return to distillation column. 
79. Distillation column bottoms for reboiler. 
80. Distillation column bottoms unreacted oil. 
81. Unreacted oil storage tank feed. 
82. Unreacted oil storage tank discharge. 
83. Unreacted oil return. 
84. Biodiesel tank discharge. 
85. Biodiesel product to off sites. 
86. Waste storage tank discharge. 
87. Glycerol /water from reactor 1. 
88. Glycerol/water from reactor 1 & 2. 
89. Glycerol/water from reactors 1, 2 & 3. 
90. Glycerol/water to glycerol storage tank feed pump. 
91. Glycerol/water to storage tank. 
92. Glycerol/water storage tank discharge. (A59) 
93. Glycerol/water to stripper heater. 
94. Glycerol/water stripper heater outstream. 
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95. Waste to off sites. 
96. Stripper water/methanol vapours. 
97. Methanol heater inlet. 
98. Methanol heater outstream. 
99. Flash drum methanol product. 
100. Flash drum methanol product to storage.  
101. Methanol flash drum recovered storage tank discharge. 
102. Methanol for recirculation with stream 39. 
103. Water product from flash drum. 
104. Water product storage tank feed. 
105. Water tank discharge. 
106. Water to off sites. 
107. Stripper glycerol bottoms. (A63) 
108. Glycerol to storage tank. 
109.  Glycerol storage tank discharge. 
110. Glycerol delivery pump discharge. (A74) 
111. Phosphoric acid off sites delivery stream. 
112. Acetone tank discharge. 
113. Acetone holding tank discharge. 
114. Recovered acetone to storage tank pump. 
115. Recovered and fresh acetone to storage. 
116. Acetone from off site. 
117. Acetone storage tank discharge.  
118. Acetone to plant holding tank. 
119. Recycled acetone to circulating tank. 
120.  Acetone waste discharge. 
121. Acetone waste to storage. 
122. Acetone for reactor flushing. 
123. Returns from acetone flushing. 

 

 
 

11.2.3.2 Process streams for the supercritical process route flow sheet 

Stream number.  Description. 
 
1. Oil from off sites. (A22, E21) 
2. Oil to hot oil tank. 
3. Hot oil discharge. (A23, E4) 
4. Hot oil feed to heater. 
5. Heater outstream to feed in line mixer. 
6. Water to demin plant. (E5) 
7. Soft water from demin plant. A13, E6) 
8. Soft water from storage. (A13A, E7) 
9. Soft water to superheated steam boiler. 
10. Superheated steam from boiler. 
11. Condensate return – to cooling tower. 
12. Fresh methanol from off site.(A1, E39) 
13. Fresh methanol to storage. (A2) 
14. Fresh methanol from storage. (E40) 
15. Fresh methanol to heater. 
16. Methanol heater outstream to splitter. 
17. Hot methanol to mixer for reactor 1. 
18. Hot methanol to mixer for reactor 2. 
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19. Hexane from off site. (E18) 
20. Hexane to storage. (E44) 
21. Hexane tank discharge. 
22. Hexane to hexane/methanol mixer. 
23. Hexane outstream from hexane/methanol mixer for reactor 1. 
24. Hexane/methanol splitter outstream for reactor 1 mixer. 
25. Heater outstream from hexane/methanol mixer for reactor 2. 
26. Mixer outstream for reactor 1 feed. 
27. Reactor 1 feed high pressure pump. 
28. Heat exchanger high pressure outstream. 
29. Reactor heater outstream for reactor 1 feed. 
30. Reactor 1 product. 
31. Reactor 1 product to back pressure regulator. 
32. Back pressure regulator product to distillation column 1. 
33. Distillation tops. (Hexane/methanol) 
34. Distillation column 1 bottoms to cooler. 
35. Cooler outstream to separator. 
36. Ester phase separator discharge. 
37. Ester phase to mixer heater. 
38. Heater outstream to mixer. 
39. Mixer outstream for reactor 2 feed. 
40. Reactor 2 feed from high pressure pump.  
41. Heat exchanger high pressure outstream. 
42. Reactor heater outstream for reactor 2 feed. 
43. Reactor 2 product. 
44. Reactor 2 product to back pressure regulator. 
45. Back pressure regulator product to distillation column 2. 
46. Distillation column tops from reactor 2. 
46A  Combined hexane/methanol distillation tops. 
46B.  Flash drum tops from glycerol feed. 
47. Hexane/methanol to holding tank. 
48. Hexane/methanol holding tank discharge. 
49. Recycled hexane/methanol to mixer. 
50. Distillation column 2 bottoms to cooler. 
51. Cooler outstream to separator. 
52. Ester phase separator discharge. 
53. Ester phase to distillation column feed heater. 
54. Heater outstream for column feed. 
55. Biodiesel as distillation tops. 
56. Biodiesel to storage tank.  
57. Biodiesel storage tank discharge. 
58. Biodiesel for delivery. 
59. Biodiesel distillation column bottoms. 
60. Unreacted oil (biodiesel distillation column bottoms) to storage. 
61. Unreacted oil storage tank discharge.  
62. Unreacted oil for water/reprocessing) 
63. Glycerol /water from reactor 1 separator. 
64. Glycerol/water to heater for glycerol flash drum collector. 
65. Glycerol/water from reactor 2 separator. 
66. Glycerol/water to heater for methanol/hexane glycerol flash drum. 
67. Combined feed for flash drum heater. 
68. Flash drum heater outstream.  
69. Flash drum bottoms. 
70. Raw glycerol/water to storage.  
71. Raw glycerol/water storage tank discharge.  
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72. Glycerol/waterfeed to glycerol distillation column. 
73. Glycerol distillation column tops. 
74. Glycerol column bottoms. 
75. Glycerol column (water) to storage. 
76. Water (glycerol) tank discharge. 
77. Water to off site. 
78. Glycerol to storage tank. 
79. Glycerol storage tank discharge. (A73, E109) 
80. Glycerol for delivery. (A74, E110) 
81. Condensates discharge to cooling tower. 
82. Cooling tower discharge. 
83. Condensate product to off site.  

 

 
 

11.2.4 Preliminary specification sheets and calculations for mayor equipment 
identified for the different biodiesel production process routes 

 
In section 11.2.4 various notes and preliminary specifications are put on record to show 
some detailed information which was sent to suppliers and contractors to elicit comments 
and prices. These documents were drafted to assist in discussions but during the process of 
formulating concepts or doing deatailed work in the dissertation, ideas emanating from these 
documents were incorporated in the study. 
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11.2.4.1 Note on design of reactors for biodiesel production 

 
Note prepared to obtain information for a case study at 40 000 mton/a. 
 

1. Back ground on different processes. 
 
- Base catalysed. 
 
In the production of biodiesel, typically vegetable oils derived from soy beans(U.S.A.), sunflower 
(France, Greece, Spain), or rape seed (Europe), are reacted with an alcohol like methyl alcohol -  
methanol – (Europe and the U.S.) or ethanol (Brazil) at a temperature below the boiling point of the 
alcohol (~ 60°C) in the presence of a catalyst like NaOH or KOH. This transesterification reaction is 
done in a CSTR at pressures close to atmospheric although some researchers claim better 
conversions at elevated pressures. Plug flow reactors were only used in one research paper from the 
University of Colombia. The products formed are methyl- or ethyl esters and glycerol and sometimes 
two CSTRs are used with a decanter or centrifuge in between to remove product as the reaction is 
essentially an equilibrium reaction. Removing product will drive the reaction to a higher overall 
conversion. 
 
The catalyst is introduced to the CSTR by mixing it with methanol, forming sodium methoxide, the 
amount being about 1% by weight of the vegetable oil, together with a further amount of methanol 
which then reacts with the triglycerides in the vegetable oil, the stoichiometric ratio being 3:1 mole 
ratio of methanol to oil. Again, standard practice is to have a mole ratio of 6:1. Viscosity of the oil is 
about 34cp, residence time in the CSTR is normally 1 hr, conversion over 98%, with first order 
reaction kinetics. The reaction is endothermic, but the negative heat of reaction is small and does not 
warrant heating coils or some other means of heating inside the reactor especially if the feed stock is 
passed through a heat exchanger prior to entering the CSTR. As the methanol is polar as opposed to 
the vegetable oil, the mass transfer phenomenon is diffusion and thus good mixing or agitation is 
essential. Secondly vegetable oil is viscous, therefore the impellor will require more energy compared 
to liquids like water. Normal practice is to use carbon steel for fabricating the reactors as the reactants 
are not aggressive chemicals. All the reactants and products are in the liquid phase. 
 
- Acid catalysed. 
 
If the feed stock contains water or has some free fatty acids present, (typically if waste cooking oil or 
animal fats is used as feed stock), the NaOH or KOH used as a catalyst will react with the acids, 
resulting in saponification (forming soaps) in preference to the methyl esters (biodiesel). Although not 
widely practised, the way to overcome this is to have a methanol mole ratio typically up to 30:1 
compared to vegetable oil and use 1% wt/wt concentrated sulphuric acid as a catalyst with a 
residence time of the order of 4 hrs. This means that the size of the reactor is substantially increased 
and that it is made from stainless steel because of the corrosive effect of the sulphuric acid. In 
essence the free fatty acids in the vegetable oil or animal fat are esterified after which the product is 
treated with a reagent like NaOH to neutralise excess acid. The product is then treated like in base 
catalysis ( NaOH or KOH) to yield biodiesel. 
 
Lately interest has been shown in ferric sulphate as the catalyst in acid catalysis as it is easier to 
separate the ferric sulphate (basically a heterogeneous catalyst) using for example a hydro cyclone. 
Ion exchange resins can also be used, but then packed columns are used. Also enzymes can be 
used as the catalyst but they are sensitive to methanol and need residence times up to 24 hrs. Again 
packed towers containing immobilised enzymes are used in laboratory work. 
 
- Reagents at critical temperatures and pressures. 
 
It has been found that a catalyst is not needed if temperatures and pressures above the critical points 
for methanol (›250 °C and 250barg) are used. For a CSTR design, of concern is the temperature and 
pressure and thus volume will be a limiting factor. A co solvent like propane can be used with the 
methanol, resulting in reaction conditions around 200 – 300 °C and 100 – 200 bar, also the residence 
time in the reactor is decreased by a factor of 3 (10 – 20 minutes). It may then be preferable to use a 
plug flow reactor because of the gaseous state of the reactants as long as the Reynolds number 
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calculated indicate turbulent flow. For a CSTR, sealing problems may be an issue, but magnetic 
stirrers could be used, as well as the thickness of the reactor shell. It seems as if stainless steel is 
preferred as material of construction for such reactors. 
 

2. Considerations on capacity. 
 
(a). A number of researchers across the world have done work on simulating the process and sizing 
major items of equipment so as to ascertain capital costs for a plant. This work was done at different 
capacities. Checking calculations, there is uniformity and consistency in the articles by Marchetti, 
Haas, Narváez. Secondly, the volumes for the same residence time and reaction rates are 
proportional to the square of the diameter assuming cylindrical reactors. Thirdly, per rule of thumb, a 
L:D ratio could be 3:1. 
 
(b). In a cost estimate (2006), Haas et al used two CSTRs in series at volumes of 7.47 m³ and 6.91 
m³ respectively for a capacity of 33 700 mton/y. Using the above ratios for a feed stock of 40 000 
mton/y, this equates to: 
 

(1) 1,55m diameter and 4,65m height = 8, 77 m³. 
(2) 1,50m diameter and 4,50m height = 7, 95 m³. 

 
(c). For the supercritical case, the volume required is approximately 1 m³/ 8 000 mton/y. i.e. a volume 
of 5 m³. From the work by Marchetti, two CSTRs are needed at the following conditions:  
  

(1) Volume 5 m³, T = 200 °C, p = 70 barg. 
(2) Volume 5 m³, T = 280 °C, p = 128 barg. (is that 12.8 mPa.?) 

 
Compositions of reactants: 
    Oil = 5 000 kg/hr 
    Methanol = 7 700 kg/hr 
    Propane = 400 kg/hr 
 

3. Design parameters for CSTRs. 
 
 3.1. Volume 8,75 m³ active, D = 1,55m ;L = 4,65m. 

 
Nozzles: Two inlets, - oil at 5 780 l/hr, density = 0,9 

- methanol at 200 l/hr including catalyst pre mixed. 
- Also required, small flanged outlet at top for methanol vapours, fixing mechanism for 

impellor, inspection and maintenance access, probes for temperature, pressure and 
volume detection. 

Impellor speed = 600 rpm. 
Outlet nozzles: Product mixture ~ 6 000 l/hr. 
Facilities for probes for temperature, pressure and volume instrumentation probes on 
cylindrical section, insulation (only to be done at site by others); CSTR supported on legs to 
facilitate access to product flange at the reactor bottom (probably dished end). 

 
 3.2. As the second reactor is normally about 5 – 10% smaller than the first reactor,   

       typically dimensions at 40 000 mton/y will be: 
        
       Volume 7, 95 m³ active, D = !,5m ; L = 4,5m. 
         
       All the other parameters like nozzles, impellor, inspection and instrumentation   
       sockets and flanges to remain as for 3.1. 
 

 3.3. For the methanol in its supercritical state, the main issues in the design of a CSTR 
       will be the sealing arrangement pertaining to stirring, the possible use of a heating   
       coil inside the reactor, although the heat required is low, thirdly considerations of   
       safety in selecting the materials of construction. In laboratory work, Hastelloy C-276  
       and Inconell 625 as well as SS 316 have been used. The following specifications are 
       proposed for two  reactors, both having the same volume: 
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3.3.1. Active volume = 5 m³, diameter D = 1,3m ; length L = 4m. allowing for the volume  
          taken up by the heating coil. 
      
        (a). Temperature 200 °C, pressure = 70 barg. 
    
         (b). Temperature 280 °C, pressure = 128 barg. 
 
    (c) For (b), is there a marked difference in cost if the pressure is 140 barg.? 
 
       The reactants being vegetable oil (5 000kg/hr); methanol (7 700 kg/hr) and propane  
       (400 kg/hr), are mixed in an in line mixer prior to entering the CSTR. The methanol/  
       propane are compressed prior to the mixing and the reactants are passed through  
       a heat exchanger before the CSTR. Apart from instrumentation and inspection  
       openings (flanged), nozzles are only required for the reactants at the top and product 
 at the bottom. The CSTR is envisaged as a pipe reactor, flanged with dished ends  
 flanged and bolted onto the cylindrical part. The top dished end could contain the  
 heating coil, inspection flange and a rupture disc for safety and maintenance reasons. 
 The exact design should be governed by the recommendations of the designer. 
 

 3.4. Acid catalysis or esterification with concentrated sulphuric acid. 
 
As a longer residence time is required, say 2 hrs, and concentrated sulphuric acid is an 
aggressive chemical, either a stainless steel CSTR or a CSTR cladded on the inside with 
stainless steel is required, the mixer/impellor also made from ss. The number of nozzles will 
be as for 3.1. 
 
As the CSTR is significantly bigger, and a large volume of reactants will be contained inside it, 
it will be probably suffice to insulate the reactor and pass the oil through a heat exchanger to 
increase the temperature to reacting conditions. The reaction could be exothermic. The CSTR 
could operate somewhat above atmospheric pressure to avoid methanol vapourisation. 
 
Volume = 68 m³, D = 3 m; L = 9 m. 

 
 3.5. In all cases, allow for some means of fixing reactor support legs for installation and  

maintenance reasons, also impellors at 600 rpm., also insulation brackets. 
 

4. Commercial matters. 
 
 Budget prices, c.i.f  Durban, except if the fabricator is in South Africa, in which case a  

Delivered Reef price will be preferred. Alternatively, f.a.s shipping port, with an estimate of 
shipping volume and cost. There should not be any customs duty, but taxes in the country of 
origin should be included and identified. 

 
 Quote exchange rates used for currency conversions and any escalation formulae to  

       be used to calculate costs at a future date. 
 

 Contract terms including payment conditions, guarantees, warranties and insurance  
       only to be specifically allowed for in a definitive estimate for the whole plant. 
 

 Battery limits to be the flanges of the reactors. Indicate power required for impellors,  
       also if driving mechanisms are included. 
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11.2.4.1.1 Reactors for enzymatic process route for biodiesel production 

 
WESSEL SWART 
Pr. Eng., B.Sc.Eng.(Chemical)Rand; B.Proc.(UNISA) 

PROCESS/TECHNICAL SPECIFICATION 

40 000 tonnes per year Biodiesel Plant Reactors (columns) for enzymatic process 
route. 

  

 ITEM No.:R-01 - R-04 No. REQD: 4 

  

REV 1     

 July 
2010 

   SHEET 1 OF 3 

     Duty: Continuous. 

     Material of construction: SS316 
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Preliminary Specification for Packed Columns. 
 
Four packed columns accommodating the feed stock, reactants, immobilised enzyme and 
products are required for the transesterification reaction to produce biodiesel. Three columns 
are continuously operated in series with the fourth column being backwashed with acetone after a 
number of cycles to remove contaminants from the immobilized enzyme. Stream 48 from the flow 
sheet is the inlet to the first column with sream 49 being the outlet stream. 
 
For designing the column (reactor) the following parameters are given: 
 

1) Lipase is Novozym 435, an immobilized granulate carried acrylic resin bead shaped 
particle,  approximate bulk density 0,40 g/ml, activity 10 000 PLU/g, size 0,3 – 0,9 mm 
(for retention on a 150 micro metre Johnson screen), loading 1kg per 2kg feed stock. 

2) Composition of streams into packed column (reactor) assuming a residence time of 10 
hours and a feed stock flow rate of 5 000 kg/hr, methanol added at one third of the 
stoichemetric amount required at 98% conversion over 3 columns. 

Material                                                       Stream 48 (kg)                         Stream 49 (kg) 
 
Water                                                            4 740                                        4 740 
Methanol                                                       1 720                                               0 
Crude oil                                                      47 349                                      32 284 
 -triglycerides                                               46 760                                      31 699 
 -FFA                                                                    4                                               0 
 -Phosphatides                                                     0                                               0 
 - other unsaponifiables                                    585                                            585 
Glycerol                                                                0                                          1 595 
Hexane                                                          4 740                                          4 740 
FAAE (Biodiesel)                                                  0                                        15 190 
 
3. Process temperature = 40 ºC 
 
4. Column design: 
 

4.1 Total volume of constituents = 128 m³, say 130 m³ 
      Height to diameter ratio in active cylindrical part 2:1; height 8,70 m; diameter 4,35 m 
 
4.2 Material of construction stainless steel, design pressure 6 bar over pressure and also   
      to tolerate vacuum, columns to have hot water jacket with flanged in and out   
      connections at 70 ºC and fittings for insulation. 
 
4.3 Brackets for support off steel structure or reinforced concrete columns or reactors   
      free standing on legs to enable operation of valves and pumps underneath reactor 
      with free space from ground level of 2 meter to accommodate a decanter vessel or 
      centrifuge located below the column. 
 
4.4 Active cylindrical part of columns (reactors) to have a screen at the lower end   
      restraining the immobilized enzyme (lipase). Screen to support the mass of enzyme  
     (25 000 kg) and the other fluids (vegetable oil, hexane, water, methanol and products)  
      with an estimated mass of 60 000 kg. The column can be compartmentalized to   

                   support less mass per compartment, prevent channeling, and aid rigidity as internals. 
                   If compartmentalized, each compartment to have a side entry man hole for screen      
                   maintenance and enzyme loading. Also each compartment to have flanged     
                   connections such pressure and temperature indicators. 
              
             4.5 If only one screen is fitted per column, top dished end to be possibly removable if the  
                   design can accommodate it and a man hole and feed inlet provided, the man hole 
                   large enough to allow loading of enzyme particles, facilitating the installation of the 
                   screen and its supports as well as the installation of the distributor for preventing  
                   channeling. Alternatively the column could contain a cylindrical pipe screen or a  
                   design utilized in the gold extraction carbon in pulp process. 
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             4.6 Bottom dished end to house column outlet, flanged. A side outlet is required just  
                   above the screen to wash out and drain enzyme particles if they need to be replaced. 
 
A design sketch is provided (courtesy Dr. David Cowan (Novozymes, U.K. LTD) The reactor  
section of the enzymatic flow sheet is also presented above. 
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11.2.4.2 Specification for centrifuges and separators 

 
WESSEL SWART 
Pr. Eng., B.Sc.Eng.(Chemical)Rand; B.Proc.(UNISA) 

PROCESS/TECHNICAL 
SPECIFICATION 

1. Biodiesel Plant: 40 000 tonnes per year.      (a) Centrifuges/separators. 

2. Biodiesel Plant: 100 000 tonnes per year.    (b)  

 ITEM No.: See 
below. 

No. REQD: 1 of 
each. 

 HC-1; HC-2; HC-3Ha; HC-4Ha; HC-
5Ha; HC-6Ha. HC-7 {(a) & (b)} (seven 
units with different uses.) 

REV 1     

 Feb.2009    SHEET 1 OF 2 

     Duty: Continuous. 

     Material of construction: SS 316/SS304 

Crude vegetable oil from either soybean, sunflower or canola will be converted to FAME 
(Biodiesel) using base (NaOH or KOH) catalysed transesterification. Following the schematic 
process flow diagrams developed by Haas et al. and Tapasvi et al., centrifugal separation is 
proposed, especially for degumming (HC-1) and neutralization of the crude oil (HC-2). Haas also 
proposed centrifugal separation of the oil and aqueous (glycerol-methanol-water) phases after 
transesterification and in the purification of both the biodiesel and glycerol streams. (HC 3-6Ha)  

 

Data for individual units for 40 000 tonnes per year (5 000kg/h crude vegetable oil): 

 
HC-1: (all constituents in kg/h) 
Degumming phosphatides, using phosphoric acid and 
water at 70˚C; 0,75kg/h phosphoric acid; 75kg/h water. 
Inlet:                          Outlet (oil): Outlet (gums):  
         TG          4800         4776                   24 
         FFA            40             40                   --- 
         Gums  104,25            ---              104.25 
         Others        60             60     
         Water   75,371             ---             75,371 
 
TG=Triglycerides (oil); FFA= free fatty acids. 
 

 
HC-2:  
Neutralising degummed oil with NaOH soln. and 
washing with soft water at 760 kg/h to separate soaps 
from oil. NaOH 12,24 kg/h in 116,69 kg/h water. 
(exothermic reaction – out stream 70 ˚C)  
Inlet:                   Outlet (oil):  Outlet (waste) 
 TG          4776            4676                  100 
 FFA          ,04                ,04                    --- 
 Water 869,63            4,348           865,283 
 Others       60             58,5                   1,5 
 Soaps   39,60               ---               39,603 
 NaOH   6,556               ---                 6,556 
 _________________________________________ 
                      

 
 
 
Data: 
 
Product              S.G.       Viscosity(cp) 
 
TG (oil)               0,92           1000 
Methanol            0,79            0,544 
FAME-biodiesel 0,88             300 
FFA                    0,84           ~300 
Glycerol              1,26            1500 
Water                  1,0              0,894 

 
Notes: 

1. The two centrifugal separators as specified will 
be common to any vegetable oil refining plant. 

Please advise on: 
- Connections; type, size. 
- Weight and dimensions.  
- Power required (kW, volts) 

2. For a 100 000 tonnes throughput, multiply flow 
rates by 2,5. 

 

The products of the two reactors, will consist of the 
immiscible pair (glycerol and FAME) and two miscible 

 
Centrifuges–Specification. Sheet 2 of 2. 
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pairs (Methanol and FAME & methanol and glycerol), 
together with unreacted oil and catalysts. 
 
HC-3Ha: (Separator after first Reactor) 
                       Inlet          Outlet (oil)   Outlet (glycerol) 
Methanol        582,757      233,100       349,651 
NaMeOxide      46,760          ---              46,760 
TG                  701,40        701,40              --- 
Others              58,50          58,50              --- 
Glycerol          419,377        ---               419,377 
Soaps                 0,4              0,36             0,040 
FAME            3992,90      3992,90              --- 

 
HC-4Ha: (Separator after both transesterifications) 
                       Inlet            Outlet (oil) Outlet (glycerol) 
Methanol        320,637      128,255       192,382 
NaMeOx            7,014           ---                7,014 
TG                    14,028        14,028             --- 
Others               58,50          58,50              --- 
Glycerol            64,140           ---               64,140 
Soaps                 0,36            0,324            0,036 
FAME               4603,585  4603,585            --- 

 
Haas and Tapasvi follow different methodologies for 
handling the cleanup of the biodiesel and glycerol. 
Separators will be specified on Haas process, but the 
mass balances will not be comparable, e.g. for Haas, 
the TG (actually FFA) ends up in the glycerol stream. 
 
 HC-5Ha: (Biodiesel stream neutralized with HCl and 
water and passed to glycerol section) 
                     Inlet        Outlet(FAME)  Outlet (Aqueous) 
Methanol    128,255       ---                        128,255 
FAME         4603,585  4603,585                  --- 
Others            58,5          58,5                      --- 
TG                  14,028       ---                (Haas 77,95) 
Water           792,072          4,604               787,468 
Salts/Soaps     < 10            ---                       <10 

 
HC-6Ha: (Separator to clean up oils in aqueous stream 
– glycerol/water /methanol) 
                     Inlet        Oil (TG)    Outlet to Distillation 
Methanol     670,288       ---                    670,288 
TG               77,85          77,85                --- 
Glycerol       483,517          ---                 483,517 
Water           786               ---                  786 
Salts              <10             ---                    <10 

 
Note: Haas et al. circulate some water from the 
water/glycerol distillation column back to HC-5Ha. 
 

 
HC-7 (a) & (b): 
If methanol and biodiesel are both 
removed and only the glycerol-water 
stream has to be neutralized with 
phosphoric acid (see Zapata et al.), the 
phosphates have to be centrifuged for 
both the 100 000tonnes and 40 000tpa 
plants. 
Compositions (inlet)- kg/h: 
                         100 000tpa 40 000tpa 
Glycerol                1 258           503 
Water                    2 500        1 000  
Phosphates                30           <10 
 
Prices and other information as per the 
notes on page 1 to be given for both 
flow rates. 
 
Summary: 
 
Total number of centrifugal separators 
for which prices are required: 
 
7 at 40 000 tonnes per year. 
7 at 100 000 tonnes per year.       
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11.2.4.3 Distillation columns 

 
WESSEL SWART 
Pr. Eng., B.Sc.Eng.(Chemical)Rand; B.Proc.(UNISA) 

PROCESS/TECHNICAL SPECIFICATION 

1.Biodiesel Plant: 40 000tonnes per year   (a) Distillation Columns. (6 in total) 

2.Biodiesel Plant: 100 000tonnes per year (b)  

 ITEM No.: D-1(a);    
D-1(b); D-5(a);D-5(b); 
D-T100(b); D-T102(b)  

No. REQD:1 

  

REV 1     

 Feb.2009    SHEET 1 OF 2 

     Material of construction: C.S. 

     Duty: Continuous. 

                                                                           
General: Distillation columns to be supplied as package units in tubular frames, complete with feed 
heat exchanger, pre-wired with instrumentation and electrical hook-ups; connections, power, 
cooling water and steam flow rates and temperatures required to be specified. 

Two process routes are being followed: 1. Methanol and water separation from the aqueous stream 
after biodiesel (FAME) has been removed by centrifugal action for both (a) and (b) options 

2. For the 100 000tpa plant where esterification and neutralization of FFA respectively took place, 
distillation of the transesterification product including biodiesel and aqueous phases as feed to the 
distillation columns. (Methodology by Zhang et al. And Zapata et al.) 

 

D-1(a): Purpose methanol distillation after acidulation and subsequent neutralization of the aqueous 
fraction containing methanol, water, glycerol and salt in solution to separate methanol and 
condense it. 
Tower design: Diameter 0,42m; 13 stages; add to length of 5,2m another 1m for vapour 
disengagement at the top and 1,5m for reboiler return and liquid level at the bottom; design 
pressure 150kPa; temperature >65 ˚C. 
Compositions (all in kg/h): 

                                          Inlet                  Top outlet                   Bottoms 
Methanol                          670,2                   666,0                            4,2 
Water                                916,1                    --                              916,1  
Glycerol                            483,5                    --                               483,5 
Salts                                   31                        --                                 31 
_________________________________________________________________________ 

 

D-1(b): Multiply all flow rates by 2,5 and increase column diameter to 0,63m 
__________________________________________________________________________ 

 

D-5(a): After removal of the methanol, the aqueous stream will contain mainly water and glycerol 
which needs to be separated at a higher temperature. 
Tower design: Diameter 0,5m; 12 stages; add to active length of 4,8m another 1m for vapour 
disengagement and 1,5m for reboiler return and liquid level; design pressure 150kPa; temperature 
> 100 ˚C. 
Compositions (all in kg/h):  
 
 

                                          Inlet                  Top outlet                      Bottoms 
Water                                 916,1                  916,1                              -- 
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Glycerol                             483,5                     --                                 483,5 
Salts                                    31                        --                                    31 
__________________________________________________________________________ 
 

D-5(b): Increase tower diameter to 0,8m and multiply all flow rates by 2,5. 
__________________________________________________________________________ 

 

D- T100(b): For the 100 000tonnes plant ,where the FFAs were neutralized, the presence of 
biodiesel (FAME) will increase energy requirements and volume through the tower where the 
methanol is distilled. (Process design route as simulated by Zhang et al. and Zapata et al.). 
 
Tower design: Reflux ratio 1,35; stages 4; diameter 1,22m; to tower length of 2,438m add another 
1m for vapour disengagement at the top and 1,5m for liquid level and reboiler return at the bottom; 
reboiler heat area 35,47 sq m; condenser heat area 97,55 sq m; pressure 130kPa; T>65˚C. 
Compositions (all in kg/h): 

                                             Inlet                   Top outlet                  Bottoms 
Methanol                              3172,89              3153,85                       19,04 
FAME (biodiesel)                 11593,8                    --                          11593,8 
Glycerol                                  1258,24                 --                             1258,24 
NaOH                                          24,07                 --                                24,07 
_________________________________________________________________________ 

 

D-T102(b): As the FFAs were esterified prior to transesterification, more biodiesel (FAME) is 
produced and the tower will require more energy for the distillation of methanol. 
 
Tower design: Reflux ratio 2; stages 26; diameter 1,372m; length 15,85m and another 1m added at 
the top for vapour disengagement and 1,5m at the bottom for reboiler return and liquid level; 
Pressure 130kPa; reheater area 47,20 sq m; condenser area 137,82 sq m; Temperature > 65 ˚C 
Compositions (all in kg/h): 

                                             Inlet                    Top outlet                   Bottoms 
Methanol                             3506,32                  3485,32                      21,0 
FAME (Biodiesel)               11907,0                       --                          11907,0 
Glycerol                                1240.0                       --                            1240,0 
NaOH                                       22,76                     --                                22,76 
FFA                                            3,16                     --                                  3,16 
 

  References:                                            

 

1. Haas et al., 2007. Bioresource Technology (97).:671-678. 

 

2. Zapata et al., 2007. Dyna (74)151.: 77-82. (In Spanish) 

 

3. Zhang et al., 2003. Bioresource Technology (89).: 1-16.  
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11.2.4.3.1 Equipment (Distillation columns for alkaline catalysed route) 

 
 
Distillation columns for the base catalysed case based on the flow sheet developed in this 
dissertation. 
 
Depending on the sequence followed in the unit processes after transesterification where 
washing was the first step in purifying biodiesel, a feed to a methanol/water and glycerol 
stripper can have the following composition: 
Feed stream:                                    Distillate:                Bottoms: 
 
Water (kg/h): 916.11                        916.11                      - 
Methanol (kg/h): 670.29                   670.29                      - 
Glycerol (kg/h): 483.52                       -                            483.52 
 
A distillation column with a total condenser and a kettle reboiler operating under vacuum with 
the following parameters has been proposed in the literature: 
 
Number of stages: 5 
Feed temperature (ºC): 50 
Reflux ratio: 1.5 
Condenser duty (kW): 1910 
Condenser temperature (ºC): 52.99 
Condenser pressure (bar): 0.40 
Reboiler duty (kW): 1825 
Reboiler temperature (ºC): 255 
Reboiler pressure (bar): 0.50 
 
To then separate the methanol and water from the above column’s distillate,  a column with 
the following parameters has been proposed: 
 
Number of stages: 16 
Feed stage:13 
Reflux ratio: 2 
Feed temperature (ºC): 53 
Condeser duty (kW): 613 
Condenser temperature (ºC): 67 
Condenser pressure (bar): 1.10 
Reboiler duty (kW): 1104 
Reboiler temperature (ºC): 102 
Reboiler pressure (bar): 1.10 
 
The above columns can be compared with those specified before flow sheets were 
developed. 

11.2.4.3.2 Equipment (Distillation columns for supercritical process route) 

 
Equipment (Distillation columns) for biodiesel supercritical process route. 
 
1.0. Introduction. 
 
Three process routes were considered for a comparison on costs for a biodiesel production 
facility. Although 40 000 tonnes per year was considered to be a suitable capacity, there is 
information available on  100 000 tonnes using pre esterification followed by 
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transesterification and all that needs to be done, is to multiply all the quantities in the mass 
balance by a factor of 2.5. The supercritical route is not commercial as yet, but is possibly 
the best route to follow where infrastructure and utilities are available such as in an industrial 
park or near a refinery. For the supplier of distillation columns, it can be safely assumed that 
superheated steam, electricity and water are available and the quantities can be specified by 
him. Prior to providing information on the four columns for which budget estimates are 
required, it was considered appropriate to give some background on the supercritical 
process route from the write up on the technology of biodiesel production compiled for a 
dissertation for a Ph D. Also three parameters chosen were 98 % conversion efficiency, flow 
rate roughly 5 000 kg/hr and a molar flow rate of 24:1 for methanol to oil. 
 
2.0. Background on technology. (Quoted from section 6.6.4.3 in the draft study document) 
 
“ 
 
 6.6.4.3. The supercritical (acyl acceptor) process route. 
 
Some of the heterogeneous process routes employed reaction conditions prevalent in 
refinery type operations. If the reaction conditions are compared with those used in 
supercritical process routes, the differences are not material. The term “supercritical” means 
that the temperature and pressure of the solvent (acyl acceptor) in question are sufficiently 
high, above its critical point, so that the properties of the solvent are neither completely 
liquid-like nor completely gas-like. [Lee, 2006] For methanol the critical properties are 
512.2K and 8.1MPa whereas for ethanol they are 516.2K and 6.4MPa respectively. 
[Demirbas, 2008] 
 
Although no references could be found on any commercial plants using this process route, 
over the last ten years a number of research articles reported on advances on the original 
method (the Saka method) which involved a one – step transesterification and esterification 
process with supercritical methanol and rapeseed oil done in a batch-type reaction vessel 
made from Inconel-625. Reaction conditions were methanol to oil molar ratio 42:1; 
temperature 350 °C; pressure 45 MPa; reaction time 240 s; conversion yield >95%.It was 
also found that a simpler purification procedure could be used . [Saka, 2001] The simpler 
purification procedure has the advantage that from a commercial point of view the less 
complicated separation and purification of the product should decrease the energy and 
production cost, despite the high pressures and temperatures during transesterification. 
[Bunyakiat, 2006] 
 
In a subsequent report, [Kusdiana, 2001] the conditions suggested were 350 °C; 30 MPa; 
240 s and 42:1 respectively. On energy use, a reduction of 1MJ/l for biodiesel from the 
supercritical process at 3,3 MJ/l compared to 4,3 MJ/l for the conventional catalysed 
procedure was calculated. The separation time for glycerol was 30 minutes and an 
evaporation temperature of 90 °C for separating methanol from the two products, biodiesel 
and glycerol, was proposed. To avoid side reactions of in particular unsaturated FAME, 
gradual heating and limiting the reaction time were proposed. [He, 2006] In fact, it is 
suggested that for supercritical transesterification, there is a critical value of residence time 
at high reaction temperatures, and the production yield will decrease if the optimum 
residence time is surpassed. [Wen, 2009] 
 
In alkaline homogeneous catalysis of vegetable oils, both free fatty acids and water have 
negative effects on biodiesel yield and the purification procedure. These problems may 
adversely affect the most efficient utilization of waste vegetable oils and crude oils since they 
generally contain water and free fatty acids. [Tomasevic, 2003] In more work, the presence 
of these two compounds was studied in the supercritical route. Compared to other process 
routes, yields of biodiesel did not decrease significantly with water content up to 30% and 
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free fatty acid content up to 30%. It was concluded that three reactions take place namely 
transesterification, hydrolysis and esterification respectively. [Kusdiana, 2004] In the 
supercritical methanol method, it was suggested that water presumably acts as an acid 
catalyst more strongly than methanol itself. The severe reaction conditions, (temperature, 
pressure, special alloys) and the possible denaturing of poly usaturated fatty acids coupled 
to the observations on three different reactions, were the cause for further work. This 
culminated in the Saka-Dadan method involving two steps; first a hydrolysis with subcritical 
water (270 °C/ 7MPa) and then after separation of glycerol and the topping up of methanol 
to a molar ratio of 42:1, a supercritical methylesterification of the fatty acids. [Lee, 2006; 
Saka, 2006] The main reaction is therefore methyl esterification compared to 
transesterification in the one-step process. In the conceptual flow sheet reported in the 
literature, water is shown to be added. [Saka & Mimami, 2006] The optimum reaction 
condition was found to be around 270 °C and pressure to be in the range of 7MPa to 
20MPa. Instead of Hastelloy or Inconel, stainless steel could be used for the reactors. 
 
 

 
 
No references could be found on the effect of phospholipids present in the feed stock when 
the supercritical process route is used. In in situ transesterification of dried soy flakes it was 
found that the phospholipids were either transesterified or hydrolysed. [Haas, 2007] It is 
postulated that, based on the above observation, phospholipids will not cause emulsification 
problems, especially as the purification of biodiesel will be done by distillation as proposed in 
the flow sheet presented for this process route. 
 
One should distinguish between using the supercritical route process route for feed stocks 
with less desirable components and refined oils respectively. In any case, on a proposed 
industrial scale two reactors are used in series with glycerol recovery following 
depressurization in between. [Vera, 2005; Marchetti, 2008] Design conditions for the second 
reactor could be 350 °C and 20MPa. [Marchetti, 2008] 
 
In the one step Saka process, a significant decrease in the severity of the reaction conditions 
was obtained by using propane as a co solvent. [Cao, 2004] The critical properties for 
propane are 96.67 °C and 4.20MPa and it is postulated that in binary systems the critical 
points will decrease in comparison to methanol with an increase in the molar ratio of 
propane. A conversion of soybean oil to methyl esters with a yield of more than 98% was 
found with a methanol to oil ratio of 24:1; temperature 280 °C; pressure 12.8MPa; 
propane/methanol ratio 0,05 and a 10m reaction time. [Cao, 2004] A series of simulations 
was done in the Netherlands with waste cooking oil as feed stock and using ASPEN 
software, [Nisworo, 2005; Van Kasteren, 2007] , flow sheets generated and it was found that 
at various capacities the process route could be economical. In a conceptual design study 
done for a 8,000 tonnes per year plant in the Philippines using one reactor a positive return 
on investment and a short payback period were found. [Chang, 2010] 
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At a laboratory scale, various other permutations of the different variables were tested. As an 
example, supercritical methanol was blown through high-oleic sunflower oil at 290 °C with 
good conversion reported. [Yamazaki, 2007] Secondly, by coupling catalysis with near 
critical conditions, at a molar ratio of 24:1 and KOH at 0.1% wt with a temperature of 240 °C 
over 98% yield of FAME from soybean oil was obtained. [Yin, 2008] Other catalysts like CaO 
also enhance conversion at lower temperatures but in these cases the objective in using the 
supercritical route is lost. [Demirbas, 2007] 
 
In considering the industrial application of the supercritical process route, it is important to 
note as the methanol content in the mixture increases the critical temperature decreases 
while the pressure increases. For coconut oil increasing the temperature in the range from 
270 - 300 – 350 ºC for a methanol molar ratio of 42:1 and residence time of 400 s, the 
methyl ester conversion increased in the range 50 – 85 -95%. Changing the molar ratio in 
the range 6 – 12 – 24 – 42 at 450 s the conversion changed in the range 48 – 50 – 85 – 96% 
for palm kernel oil. [Bunyakiat, 2006] Comparing conversions at 24 and 42 molar ratios of 
methanol to oil respectively, for having to use twice as much methanol, the lower methanol 
ratio will save on separation costs at possibly the expense of increasing residence time. 
[Bunyakiat, 2006] 
 
As research articles from various sources all indicated a conversion of less than 100%, a 
flow sheet has to make provision, possibly through vacuum distillation or evaporation, to 
separate unreacted oil from the FAAE and return the oil to the reactors. 
 
A significant advance in the supercritical process route, was also revealed in the 
experimental work in using two co-solvents, hexane and carbon dioxide respectively. Using 
hexane at 2,5%wt added, temperature 300 °C, a significant increase in yield is obtained due 
to the improvement in the mutual solubility between methanol and in this case soybean oil. 
Similarly with carbon dioxide, critical parameters 31 °C and 7,38 MPa, at 300 °C with molar 
ratio of 0,2 to methanol, a conversion of 90,6% was obtained within 30 min. [Yin, 2008] 
Based on the process flow sheets developed for the case of propane as a co-solvent, 
[Nisworo, 2005], the proposed flow sheet for an economic feasibility will use hexane as it 
exists as a liquid at room temperatures and is any case used in the solvent extraction of the 
oil from the oilseed in many instances. Also as it is not use as a reactant, it can be circulated 
after separation. 
 
In two of the process routes for which flow sheets were developed, namely the enzymatic 
and supercritical routes respectively, reasons were given for using a co-solvent typically 
hexane. From a cost and quality point of view this hexane has to be separated and 
recirculated. It is therefore necessary to address some remarks to this part of the process. 
 
Firstly hexane use could avoid the formation of emulsions in the washing step. [Zhang, 2003, 
quoting Nye, 1983] Secondly in a multi component separation process, it needs to be noted 
that hexane is soluble in anhydrous methanol. [Zhang, 2003] To decrease hexane solubility 
for both the enzymatic and supercritical routes, building on the work done by Zhang who 
added water to the hexane/methanol mixture, in the flow sheets used in this work, for other 
reasons the water will be present in any event. It is fair to assume that in the circumstances 
the proposed separation methodology to recover the hexane is feasible. It is also the more 
optimal way to go about ensuring that a practical and reliable result is obtained should the 
industrialist want to use the work in this research for a commercial facility. On reflection this 
is not contradictory to the work done by Zhang and her co-workers. [Zhang, 2003] 
                                                                                                                                “ 
 
3.0. Supplementary information. 
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A flow sheet developed for the supercritical process based on the background given above 
is included. Also earlier during the research process/technical specifications were drafted 
which provide some more information on the base catalysed route for which a write up will 
be provided separately for budget quotes. 
 
From the equipment list included in the flow sheet, the flow rates below have been 
calculated for the four distillation or evaporative distillation packages for which budget 
quotations are required. Secondly the pressures prior to the mixers are suggested to be 5 
bar and the pressure inside the reactors 128 bar and temperature 280 ºC. The presence of 
back pressure regulators will afford a choice for the pressure of the feed   to the distillation 
columns. 
 
4.0. Distillation columns. 
 

4.1. D – 01. Methanol/hexane/biodiesel first stage distillation column. 
 
This specification is based on using hexane as a diluent, noting that hexane has a 
similar specific heat to methanol and the boiling points of the two liquids differ by 
about 4 ºC. Also if hexane is present, the molar ratio of oil to methanol can be 
reduced from 1:42 to 1:24. It is assumed that water is present in the feed stock, 
which is often the case with waste cooking oil. 
 
In practice, some methanol and hexane  will be found in the bottoms. From a pricing 
perspective, this will not be material but has to be considered from a quality point of 
view.  
 
Components and compositions all in kg/hr. 
 
  Feed (s 32)  Tops (s 33)  Bottoms (s 34) 
Component: 
 
Water   493,00  ------------  493,00 
Methanol 3672,27  3672,27  ------------ 
Crude oil   701,40  ------------   701,40 
Unsaponifiables  58,50  ------------     58,50 
Glycerol   419,38  ------------   419,38 
Hexane   493,00    493,00  ------------ 
Biodiesel 3992,91  -------------  3992,91 
 

  9830,46  4165,27  5665,19 
 
Molar and volume flow rates of the three streams: 
                         Feed (s 32)                  Tops (s 33)                 Bottoms (s 34) 
Kmol/h:              167.41                           120.49                          46.92 
Volume (l/h):  11593.7                           5395.41                      6198.29  
 

             
            It needs to be verified, but a distillation column with the following specification   
            is likely to be suitable. Also as the feed has been depressurised prior to  
            distillation, the operating pressure can be higher than atmospheric pressure. 
 
             
            No of stages: 5 
            Feed temperature (ºC): 50 
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            Condenser duty (kW): 3810 
            Condenser temperature (ºC): 60 
            Condenser pressure (bar): 1 
            Reboiler duty (kW): 2550 
            Reboiler temperature (ºC): 100 
            Reboiler pressure (bar): 1 
 

4.2. D – 02. Methanol/hexane/biodiesel second stage distillation column. 
 

             
Components and compositions all in kg/hr. 
  Feed (s 45)  Tops (s 46)  Bottoms (s 50) 
Component: 
Water   271,00  ------------  271,00 
Methanol 2019,87  2019,87  ------------ 
Crude oil     14,03  ------------     14,03 
Unsaponifiables  58,50  ------------     58,50 
Glycerol     64,14  ------------     64,14 
Hexane   271,00    271,00  ------------ 
Biodiesel 4603,60  -------------  4603,60 

 
  7302,14  2290,87  5011,27 
 
Molar and volume flow rates of the three streams: 
                         Feed (s 45)                  Tops (s 46)                 Bottoms (s 50) 
Kmol/h:               98.39                              66.27                          32.12 
Volume (l/h):   8600.36                          2967.41                      5632.95  
 
If water is not introduced to the second supercritical reactor, possibly together with 
methanol, it will not be a bottoms product and the reboiler duty will be lower; 
secondly it may be operated at a higher temperature. 
 

            No of stages: 5 
            Feed temperature (ºC): 50 
            Condenser duty (kW): 2095 
            Condenser temperature (ºC): 60 
            Condenser pressure (bar): 1 
            Reboiler duty (kW): 2133 
            Reboiler temperature (ºC): 100 
            Reboiler pressure (bar): 1 
 

 
 
4.3. Biodiesel /unreacted oil distillation column. 

 
Components and compositions all in kg/hr. 
  Feed (s 54)  Tops (s 55)  Bottoms (s 59) 
Component: 
Crude oil     14,03  --------------     14,03 
Unsaponifiables  58,50  --------------      58,50 
Biodiesel 4603,60  4603,60  -------------- 
 

  4676,13  4603,60     72,53  
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Molar and volume flow rates of the three streams: 
                         Feed (s 54)                  Tops (s 55)                 Bottoms (s 59) 
Kmol/h:               16.36                               16.27                          0.09 
Volume (l/h):   5311.05                           5231.36                        79.69  
 
From different sources in the literature, adjusting for the capacity of 40 000 
tonnes/year, the duties of both the condenser and the reboiler have a variance of 
less than ten percent, possibly due to different reflux ratios and number of distillation 
column stages used by the researchers concerned. This column may have to be 
operated under vacuum to ensure that the biodiesel top product does not 
decompose. (Condenser and reboiler pressures 0.1 and 0.2 bar respectively) 
 

            No of stages: 6 
            Feed stage: 3 
            Reflux ratio: 2 
            Feed temperature (ºC): 60 
            Condenser duty (kW): 2000 
            Condenser temperature (ºC): 172 
            Condenser pressure (bar): 1 
            Reboiler duty (kW): 2230 
            Reboiler temperature (ºC): 340 
            Reboiler pressure (bar): 2 

 
 
4.4. Water/glycerol distillation column. 

 
Components and compositions all in kg/hr. 
  Feed (s 72)  Tops (s 73)  Bottoms (s 74) 
Component: 
Water   764,00    764,00  -------------------- 
Glycerol   483,52    -------------     483,52 
 

    1247,52    764,00     483,52  
 
Molar and volume flow rates of the three streams: 
                         Feed (s 72)                  Tops (s 73)                 Bottoms (s 74) 
Kmol/h:              47.70                            42.44                            5.26 
Volume (l/h):  1147.75                           764.0                         383.75 
 

This distillation column can also operate under vacuum.            
   
            No of stages: 5 
            Feed stage: 3 
            Reflux ratio: 1.5 
            Feed temperature (ºC): 50 
            Condenser duty (kW): 916 
            Condenser temperature (ºC): 100 
            Condenser pressure (bar): 1.10 
            Reboiler duty (kW): 1319 
            Reboiler temperature (ºC): 256 
            Reboiler pressure (bar): 1.10 
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11.2.4.4 Notes on equipment for 40 000 tonnes per year supercritical process route 
biodiesel production 

                                                                                 Reference GEA September 2011. 
 
In this process cooking oil, water, methanol and hexane from storage tanks all pressurised 
with pumps are mixed with an inline mixer at 5 bar and 40 ºC and then pressurised with 
piston type positive displacement pumps as the inlet mixture to a shell and tube heat 
exchanger. Fundamentally the mixture has to be heated to conditions above the critical 
pressure and temperature of methanol. The reaction parameters can however be modified 
with using hexane in this case. A preheater in between the heat exchanger and the reactor 
adds cost to the process but can have the dual effect of allowing easier control and serving 
as a reactor where water will act as the reagent to esterify any free fatty acids, normally 
present when mechanical oil extraction was practised or waste cooking oil is used (yellow 
grease). The reactor product will additionally contain biodiesel (methyl esters) and glycerol 
which have to be separated in later unit processes – distillation and decantation. The hexane 
will allow a lower molar ratio of methanol to oil to be used (24:1 vs 42:1) but in both 
instances the energy required to remove these two products and recirculate them, are to be 
considered. To improve the overall conversion of oil to biodiesel, two reactors in series are 
proposed, alternatively depending on costs, the methanol and hexane could be removed, 
thereafter the biodiesel and glycerol could be separated, to be followed by biodiesel being 
distilled and the bottom product (oil) returned to the reactor. The two stage process is 
depicted on the flow sheet.  

 
 

 
Mixer → P D pump → heat exchanger →preheater →reactor →back pressure regulator → distillation → centrifuge. 
 

Information on main items of equipment 
 
Mass balance and process conditions. 
 
The different feed stocks, reagents and co-solvents can all be pressurized to 5 bar with 
centrifugal or rotary vane  pumps to a manifold and then mixed in a static mixer prior to the 
positive displacement pump. The positive displacement pump will then pressurise the 
mixture to 85 bar (8,5 MPa) to be pumped to a shell and tube heat exchanger to increase the 
temperature of the mixture to 280 ºC. The tube side will contain the mixture and the shell 
side may either have superheated steam or the product from the reactor. The product from 
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the shell and tube heat exchanger can pass through an inline heater to ensure the correct 
temperature for the reaction or directly to the reactor. The reaction is slightly exothermic. 
 Component                             Heat Exchanger feed (kg/h)      Reactor product (kg/h) 
Water                                         493,00                                          493,00 
Methanol                                 4 122,13                                      3 672,27 
Crude vegetable oil                4 693,31                                         701,40 
Unsaponifiables                           58,50                                          58,50 
Glycerol                                           -                                            419,38 
Hexane                                       493,00                                       493,00  
Biodiesel                                         -                                           3 992,91 
 
Heat Exchanger details: 
 
Temperature range on tube side 40 ºC – 280 ºC; shell side superheated steam, alternatively 
on the shell side product from the reactor can be cooled down from 280 ºC to 60 ºC for feed 
to the distillation column, either being depressurized first before entering the heat exchanger 
shell side or leaving as product from the heat exchanger and then depressurized prior to be 
used as feed in the distillation column. Heat exchanger inlet 50 mm. 
Design pressure 10 MPa; tube side working pressure 8,5 MPa; shell side superheated 
steam at 15 bar (1,5 MPa) or product at 8,5 MPa. If product at 8,5 MPa is used, the shell 
thickness will be dramatically increased for pressure vessel codes (ASME). Estimated drum 
thickness 55 mm. 
Tube volume, 6,8 m³; cylindrical length 12 m; inside surface area 340 m². 450 tubes with a 
20 mm inside diameter; allowing for a square pitch shell diameter 1,3 m with floating head to 
accommodate pressures; nozzles 50 mm for both shell and tube side inlets and outlets. If 
tubes SS 316 schedule 80, then tube thickness 7 mm.  
It will be necessary to estimate two (2) costs on the heat exchanger for either using 
superheated steam or using reactor product. This will reflect the difference in shell thickness, 
depending on whether reactor product or superheated steam is used. It is in any case 
debatable whether vessel codes will allow the thinner shell to be used, due to potential metal 
expansion coefficient issues and safety considerations. 
 
Reactor preheater. 
 
If the second heat exchanger is conceived to be a preheater, then it will have a diameter of 2 
m and a volume of ~38 m³. The tubes will be Schedule 80 stainless steel; 90 tubes with a 
diameter 10 cm, thickness 7 mm, and length 12 m. For energy recovery, the product from 
the reactor will pass through the shell side of the preheater at a pressure of 8,5 MPa, 
alternatively superheated steam has to be used to heat the reactor feed from >40 ºC to 300 
ºC. Estimated drum thickness 80 mm. 
If the preheater only has to increase the temperature of the heat exchanger outlet product 
from say 200 ºC to 280 ºC and its main function allowed to be the control of the residence 
time in an esterification reaction, it will still have the same configuration of tubes but the 
increase in temperature inside the shell and therefore inside the tubes as well, will have to 
be regulated by the mass of steam or heating oil allowed to enter the shell side. This will be 
a control issue and not a mechanical issue. 
 
Reactor: 
 
Tube design pressure 10 MPa, reactor tube volume 5,1 m³, inside surface area 203 m². 
Tubes Schedule 80 stainless steel; 54 tubes with a diameter of 10 cm, thickness 7 mm, 
length 12 m. 
Allowing 25% for pitch, a square pitch will give 130 mm between tubes and the shell will 
therefore have an internal diameter of 1,2 m and a cylindrical length of 12 m. To this has to 
be added the dished ends on both sides. From a manufacturing point of view, the question is 
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how the tubes should be fixed, i. e. in a blank flange with 54 holes in which case the 
cylindrical portion could be flanged to the dished ends with RJ 1500 psi rating flanges which 
from the Sasol gas specification is good for 117 bar and 450 ºC. 
The shell side can contain superheated steam or a heat transfer oil with the shell being 
insulated. The purpose of the shell side heat transfer medium, whether it be superheated 
steam or heat transfer oil such as Sasol’s Marlotherm heating oil, is merely to keep the 
temperature on the outside of the tubes at around about 300 ºC. It follows that the pressure 
rating of the shell will be lower than that of the tubes, say 1,5 MPa if allowable by the 
applicable design codes for example ASME. Furthermore, instead of the outlets shown in the 
sketch below, only inlet and outlet 50 mm diameter nozzles need to be allowed for and they 
can be tangential so as to keep the inlet components mixed. Gauges for temperature 
measurement and brackets for supporting the reactor and for insulation have to be allowed 
for as well. Estimated shell thickness 50 mm. As expansion issues are less significant than 
for the heat exchanger, it is conceivable to operate with the dished ends at 100 bar together 
with the tubes and let the shell be an insulation and structural support.  
 

 
 
A CSTR could be used as a reactor and will have a bigger volume and equipped with an 
internal mixer to avoid seal problems. The inlet products to the CSTR will still have to be 
heated, it thus becomes a cost consideration on the more competitive reactor. 
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Back pressure regulator: 
 
The outlet product from the plug flow reactor can either be depressurized prior to passing 
through the shell side of the heat exchanger or first passed through the heat exchanger at 
8,5 MPa and then depressurized so as to form the feed to the distillation column where 
methanol and hexane will be distilled as tops and water, biodiesel and glycerol as bottoms. 
The biodiesel and water/glycerol will then be separated with a centrifuge or a static decanter. 
Alternatively the hexane and some of the methanol will be separated as tops with the other 
products going as bottoms to a separator. The oil fraction of the separator may then be 
distilled with biodiesel as tops and the unreacted oil as bottoms to be recirculated or the 
product from the separator can go to a second heat exchanger and reactor in series with 
methanol and hexane added to obtain the correct molar ratio and composition to complete 
the reaction. 
From Schubert & Salzer Control Systems GmbH it was learnt that a control valve with a 
diaphragm actuator can reduce the pressure from 85 bar to 0,5 bar. (Tom Cowan, Macfluids)  
 
In line mixers: 
 
The oil may contain water or water could be added to have a two stage operation where 
hydrolysis takes place in which case free fatty acids will be reacted at slightly below 
supercritical conditions for methanol. Hexane is added with an inline mixer at 5 bar to lower 
the viscosity of the crude vegetable oil prior to pressurizing with a positive displacement 
pump and to reduce the molar ratio of methanol to oil.. Another possibility could be to mix 
the methanol and hexane as one stream to the positive displacement pump and oil/water as 
the other stream at 5 bar to the positive displacement pump with another inline mixer placed 
before the P-D pump. Alternatively the methanol/hexane could be pressurized to 8,5  MPa 
and oil/water to the same pressure with two P-D pumps and the two pressurized streams 
combined in an inline mixer prior to the temperature of the mixture increased to 280 ºC in the 
heat exchanger prior to the outlet from the heat exchanger going to the reactor at 8,5 MPA 
and 280 ºC. If the heat exchanging is done prior to pressurization, the duty specified for the 
P-D pump may be too onerous for its performance. 
It is useful to consider some aspects on inline mixers as an indication of variables in this part 
of the unit processes considered: 

1. M-01 (SCA) mixing a distillation product consisting of hexane and methanol prior 

to these two products – now mixed – forming a side stream to the main process 

mixture. 

Methanol flow rate 3 672 kg/h; hexane flow rate 493 kg/h. Stainless steel 
construction; outlet pressure from mixer 5 bar, temperature 40 ºC. 

2. M-02 (SCA) mixing a main stream of cooking oil at a flow rate of 4 693 kg/h at 40 

ºC and 5 bar with three side streams – firstly the methanol/hexane mixture from 

M-01 (SCA); secondly fresh methanol make-up at a flow rate of 515 kg/h and 

thirdly a soft water stream of 493 kg/h. The product from the mixer will be 

pressurised with a positive displacement pump with an inlet of 75 mm, suggested 

material of construction SS 316 or 304. As delivery is to a PD pump, pressure 

drop through the mixer is not critical. 

3. M-03 (SCA) mixing a main stream of cooking oil and biodiesel (methyl esters) at 

a combined flow rate of 4 704 kg/h and S.G. of 0,88 and temperature 40 ºC, 

pressure 5 bar with two side streams consisting of methanol/hexane as for M-01 

(SCA) and fresh methanol at a flow rate of 80 kg/h respectively (note no water). 

Depending on the preferred Reynolds number, the mixer can have a diameter of 

75 mm and again will deliver to a P D pump. Material SS. 
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Distillation columns 
 
If it is assumed that the hexane/methanol volume is too high to split it out using a flash drum,  
a preliminary specification for the first distillation column will be as follows: 
Column diameter 1,1 m; cylindrical length 7,7 m; 13 stages plate column; condenser duty 
about 2 000 kW; reboiler duty 2 200 kW; material of construction SS 316 or SS 304. 
It is noted that American authors use carbon steel (Haas, 2006) 
It is suggested that biodiesel needs to be purified to the EN 14214 standard and that the 
boiling point of biodiesel when being distilled at atmospheric pressure, could lead to some 
decomposition of product. The recommendation is to distill biodiesel as tops under vacuum 
in which a preliminary specification for the second distillation column will be as follows: 
Column design pressure 0,2 bar (0,02 MPa); diameter 2,1 m; cylindrical length 6,1 m; 6 
stages; condenser duty 2 000kW; reboiler duty 2 200 kW, material of construction SS 316 or 
SS 304. 
A third column with the following specification is required to separate water and glycerol: 
Column diameter 0,5 m; column length 7,3 m; 12 stages; estimated condenser duty 
~600kW; reboiler duty ~ 800 kW; material of construction SS 316 or SS 304. 
  
Flash drums 
 
Where biodiesel and oil are separated in a distillation column, it is possible to remove any 
volatile products entrapped through a flash drum prior to feeding the distillation column. 
Alternatively the condenser for the distillation column can be designed to split these products 
out prior to its main function of condensing the biodiesel. Two flash drums are described. 
In a Dutch design the reactor products are depressurised in a flash drum. In their 
subsequent research article, they changed their design to incorporate a distillation column. 
For the flash drum design detail will be as follows:  
Cylindrical drum with dished ends operating at 100 bar, three flanged 50 mm nozzles at the 
two ends and 1m from the bottom of the cylindrical section on the shell respectively. Drum 
diameter 2 m; length 3,3 m; operating temperature 300 ºC, shell thickness 175 mm. 
In the second case, a flash drum will be needed to remove traces of hexane and methanol 
from the reactor product subsequent to distillation and decantation of glycerol. Design details 
will be as follows:  
Three nozzles located as above; diameter 1,2 m; length 2,5 m; temperature 70 ºC; 0,1 MPa.  
Materials of construction 
 
The supercritical process has not been commercialised and relevant research work has 
been conducted using equipment made from high performance alloys and stainless steel. 
The reaction conditions are not that severe, considering refinery work. It should be possible 
to design the equipment, considering carbon steel. Alternatively materials of construction as 
for a methanol plant could be used. 
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11.2.4.5 Large tanks 

 
WESSEL SWART 
Pr. Eng., B.Sc.Eng.(Chemical)Rand; B.Proc.(UNISA) 

PROCESS/TECHNICAL SPECIFICATION 

For a 40 000 tonnes per year biodiesel plant. Large Tanks. 

  

 ITEM No.: F-series. No. REQD: 9. 

 See list below. (Although nine tanks, only four 

REV 1    capacities.) 

 3/2009.    SHEET 1 OF 2 

     Duty: Continuous. 

     Material of construction: SS316 

 
 

 
 
 

For site erected tanks, the nominal capacities for which budget prices are required, are 500m³ (5 
tanks) and 2500m³ (2 tanks) respectively. For all the tanks, the specifications and number of 
fittings will be the same. 

SPECIFICATION - STANDARD TANKS - SITE WELDED AND TESTED 

CONSTRUCTION: Vertical cylindrical, flat base, fixed cone roof; DESIGN CODE: Generally to 
BS2654:1989 / BSEN 14015:2004; CAPACITY RANGE: 50 - 2800 m³;  TEMPERATURE 
RANGE -10degC +150degC; SPECIFIC GRAVITY: 1.0 Maximum; PRESSURE RATING: 7.5 
millibar pressure/2.5 millibar vacuum; ROOF DESIGN: Fixed cone, 1-in-5 slope. Self supporting. 
Roof plates welded top side only; BASE DESIGN Lap welded top side only; WELDING: Manual 
TIG or MMA, by qualified welders; SHELL DESIGN: Butt welded, internal and external, with top 
curb ring; WIND GIRDERS: RSA, as required by code; STEEL: BS1449/ ASTM A240 grade 316; 
FITTINGS: Specified below; TESTING - Base plates Vacuum box method 650 mbar vacuum - 
Shell plates Plates and nozzles hydrostatic tested, excluding BS2654. Appendix A.5; TESTING: 
Roof platesPlates and nozzles overpressure tested with air; FINISH: Descaled, welds neat as 
laid. Welds acid cleaned. 
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- Page 2. 

Manways: 1x 600mm for roof; 1x600mm for shell. 

Sump: Shell/BP type with 50 NB flange. 

Temperature gauge: 100 dial diameter. 

Contents gauge: WHESSOE 2006 4m high or equivalent. 

Connections: Allow for 8 nozzles to ASA 150 RFSO at 50mm NB of which two will be for steam 
coil. 

Allow for hydraulic testing by filling and emptying with clean water supplied by others. 

Shell plates are to be rolled to curvature and edge prepared. 

 

For five tanks at 500 m³: 
 
Diameter 8m; height 10m; empty weight 16,7 tonnes.  
Plate thickness – base 6mm, side and top 5mm. 

 
For two tanks at 2500 m³: 
 
Diameter 15m; height 14m; weight empty 57,1 tonnes. 
Plate thickness – base 6mm, shell (side) 8mm, roof 5mm. 
___________________________________________________________________________ 

 
Two tanks with capacities of 50m³ and 100m³ respectively will be required for the storage of 
tallow at 65 ˚C. These tanks need to be fitted with steam coils and possibly lugs for the fitting of 
insulation on the outsides. In terms of energy loss to the atmosphere, an optimum position has 
not been determined for diameter vs height but is suspected and also the most efficient 
distribution of heat from the steam coils to be fitted inside the tanks. Optimising these two inputs 
may favour a different diameter : height ratio.  

 
One tank at 50m³ capacity: 
 
Diameter 4m; height 4m; empty weight 3,3 tonnes. 
Plate thickness – base, shell and top all 5mm. 

 
One tank at 100m³ capacity: 
 
Diameter 4m; height 8m; empty weight 5,7 tonnes. 
Plate thickness – base, shell and top all 5mm. 

 
General: 
Although BS specifications were quoted, similar API or ASME specifications can be used if they 
are standard practice for the fabricator/supplier. 
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11.2.4.6 Tanks and decanters 

 
WESSEL SWART 
Pr. Eng., B.Sc.Eng.(Chemical)Rand; B.Proc.(UNISA) 

PROCESS/TECHNICAL SPECIFICATION 

For a 40 000 tonnes per year biodiesel plant. Tanks and Decanters – nom. vol. = 10, 24 & 
50m³. 

  

 ITEM No.: F – series. No. REQD: 4 

 See list below. 

REV 1     

 3/2009    SHEET 1 OF 2 

     Duty: Continuous. 

     Material of construction: SS316 

 

 
 
 
 
 
 

Four horizontal cylindrical vessels with dished ends designed to PD5500 category 2 or the South 
African equivalent SANS 10131, API 650 or ASME VIII are required. Code used to be stated. 
The vessels may experience pressure and temperature cycles as per PD 5500 Annex 3 and at 
times will operate at 50 ˚C. Volumes were calculated including dished ends but without ullage. 
All tanks to have caged access ladder with platform and hand railing from hot dip galvanized 
steel. Tanks to be mounted on 2 mild steel support saddles with doubler plates and having 
holding down bolts, Tanks to have bolted 600mm man way with 150# slip on flanges also for two 
man hand openings on the shell. All gaskets fitted to manways and closed nozzles to be supplied 
suitable for oils, potable water, food stuffs, anhydrous organic acids and alkali’s. (PTFE 1,5 mm.) 
Tanks to have two lifting lugs, striker plate and dip point with a baffle plate mounted on the inside 
near the outlet nozzle. Tanks to have process inlet, full line, vent, two outlets and drain 
connections with 50mm 150# slip on flanges and ss valves; contents , temperature gauges and 
sensor connections for remote monitoring.   

 

 

Tank:                                            1                       2                         3                      4 
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Volume (m³):                              8,53                   11,68                  24,0                  50,0 
Design pressure (barg)                 10                        10                     10                     10  
Diameter (m)                                  2                           2                    2,5                      3 
Tan/tan length (m)                          2                           3                      4                       6 
Empty wt (tonnes)                         1,6                        2,0                    4,3                   8,1 

 
 

11.2.4.7 Tubular reactors (plug flow) and heat enchangers 

 
WESSEL SWART 
Pr. Eng., B.Sc.Eng.(Chemical)Rand; B.Proc.(UNISA) 

PROCESS/TECHNICAL SPECIFICATION 

Biodiesel plants at 40 000 tonnes per year Tubular reactors (plug flow.) 

and at 100 000 tonnes per year respectively.  

 ITEM No.: No. REQD: 12 

 In series PFR 100: 7 units; 

REV 1    In series PFR 200: 5 units. 

 March    SHEET 1 OF 3 

 2009    Duty: Continuous. 

     Material of construction: SS316 

Tubular reactors are specified for three different process routes:  

1. One reactor taking the total flow rate after the neutralization of any fatty acids (FFA) 
present in the feed stock. 

2. One tubular reactor (a) to esterify any FFA present in the feed stock with sulphuric acid 
and thereafter a further reactor (b) to transesterify the product prior to refining the 
biodiesel and cleaning glycerol.  

3. For high pressure conversion without catalysts, one shell and tube heat exchanger (a) 
followed by an adiabatic reactor (b) where the tubes are insulated or bundled inside a 
cylinder like a s & t heat exchanger which is then insulated and contains a heat exchange 
medium or superheated steam on the shell side. 

 

For 1, a one pass adiabatic plug flow reactor PFR 100: 
Temperature = 65 ˚C; pressure in 470kPa; out 400kPa; residence time = 10 minutes. 
No. of tubes 200; internal diameter 5cm (50mm); thickness 5mm; length 3m 
Volume = 1,178m³; Surface area- inside tubes = 94,25 sq m; outside tubes = 103,67 sq m. 
Flow rates kg/hr: (Note Zapata uses a molar flow rare for methanol to oil at 10,2:1 and not 6:1) 
Product: 
                                                Inlet                                      Outlet 
Methanol                                1184,30 (Z 1747,0)               670,28 (Z 1233,32) 
Triglycerides (oil)                   4767,0                                     14,028 
Methoxide (NaOH)                    53,774                                  53,774 
Others                                       58,5                                       58,864 
FFA                                             0,4                                        --- 
Glycerol                                      ----                                      483,52 
Biodiesel (FAME)                       ----                                     4603,58 

Check: The methanol consumed is 1184,3 – 670,3= 514 kg/h and at a M.W. of 32 = 16,06 
             kmole/h. 
            The stoichiometric quantity is 3:1 and thus from kmole/h of oil converted, the molecular     
            weight of oil is 4676X3/16,06 = 876 

 
For 2, a one pass. adiabatic plug flow reactor PFR 100(a): 
For pretreatment using sulphuric acid, a simulation is available that assumed FFA at 3,8% wt/wt 
of oil and using concentrated sulphuric acid to esterify it. 
Temperature = 60 ˚C; pressure 265kPa; residence time = 10minutes. 
No. of tubes 120; internal diameter 5cm (50mm); thickness 5mm; length 4m. 
Volume = 0,94m³; Surface area- inside tubes = 75,4 sq m; Outside tubes = 82,9 sq m. 
Flow rates kg/h: ( translate from an article in Spanish and scale down to ~ 40 000 tonnes p.a.) 
Product: 
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                                              Inlet                                         Outlet  

Triglycerides (oil)                   4810,0                                     4810,0 

FFA                                         190,0                                           1,32 

Sulphuric acid                           50,0                                           50,0 

Methanol                                   26,4                                          --- 

Water                                          ---                                             13,2 

FAME (Biodiesel)                        ---                                           197,0 

                                                                                                                    -page 2- 

For transesterification in a one pass plug flow reactor after esterification of FFAs – PFR 100 (b): 
Temperature = 65 ˚C; Inlet pressure 470kPa; outlet pressure 400 kPa; residence time = 10 min. 
No. of tubes 190; internal diameter 5cm (50mm); thickness 5mm; length 3m. 
Volume = 1,12m³; Surface area – inside tubes 89,53 sq m; outside tubes = 98,5 sq m. 
 Flow rates kg/h: (a molar ratio of 9,8:1 methanol to oil was assumed) 
Product 
                                                 Inlet                                                  Outlet 
FAME (Biodiesel)                    197,0                                                 4762,76 
Triglycerides (oil)                    4810,0                                                    --- 
FFA                                             1,32                                                    1,24? 
NaOH                                         53,774                                                53,774 (Zapata 8,8) 
Methanol                                 2020,0                                                1402,0 
Glycerol                                      ---                                                      496,0 
Water                                           0,2                                                       0,2 
 
Note: There is an extraction step prior to transesterification to remove sulphuric acid. 

 
For 3: This is the supercritical route where no catalyst is used. Within this process route, the   
           following options are present:  

(i) React the triglycerides and a substantial excess of an alcohol at elevated 
pressures and temperatures in a one pass operation comprising a positive 
displacement pump, heat exchanger and tubular reactor where energy is 
conserved by using the product from the reactor to heat reactants. This process 
can be repeated and glycerol removed after cooling from the first reactor. 

(ii) Follow the same methodology but use propane or hexane as a cosolvent to 
reduce reactor temperatures and pressures. 

(iii) Hydrolyse triglycerides to fatty acids at elevated temperatures and pressures and 
thereafter in a second step convert to alkyl esters assuming the fatty acids operate  
as acid catalysts. As the cosolvents donot participate in the chemical reaction, a 
sub option is to incorporate them in the reactants to reduce temperature, pressure. 

Findings in references can be collated to specify equipment for options (ii) and (iii). 
 

 
For 3(a) option (ii), the duty of the heat exchanger will be to heat reactants from the positive 
displacement pump at a design pressure of 20 MPa from 40 ˚C to 300 ˚C in tubes with the shell 
side containing reactor products which are circulated back from PFR 100 3(b). 
For PFR 100 3(a): 
Tube volume 8,5m³; tube inside surface area 340 sq m; 90 tubes of 10cm diameter, schedule 80. 
Tube length =12m. 
 

 
For 3(b) option (ii) a tubular adiabatic reactor with a residence time of 15min is specified. Either 
The plug flow reactor (PFR110 3 (b)) needs to be insulated in which case it will have a similar 
configuration to a heat exchanger, or the tubes will be individually insulated and bundled together. 
Choosing a reactor in the form of a shell and tube heat exchanger as per the example from 
Syracuse University, it will have the following specification: 
PFR 100 3 (b): 
Design pressure 20 MPa; design temperature 280-300 ˚C; shell side superheated steam, reactor 
material SS; reactor volume 5,1m³; number of tubes 54; length =12m; tube diameter 10cm; 
thickness 7mm; tubes inside surface 340 sq m. 
Reactor design to incorporate nozzles for the different products as well as instrumentation probes 
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for pressure and temperature in particular. Tube side reactants and products; shell side 
superheated steam.  
 

- Page 3- 
Flow rates in kg/h at a molar flow rate ratio of 24:1 methanol to oil:  
Product                                   Inlet                               Outlet 
FAME (biodiesel)                     ---                                  5123,6 
Methanol                                4428,0                            3875,0  
Propane                                    305,0                             305,0 
Triglycerides (oil)                    5100,0                             --- 
Glycerol                                    ---                                   541,0 

 
For option 3 (iii) the methodology of Minami and Saka is being followed where in one reactor all 
the triglycerides are converted to free fatty acids (FFA), also yielding glycerol and thereafter the 
FFA is reacted with methanol to yield biodiesel. The hydrolysis is oleochemical industry 
technology but in that industry done in towers using superheated steam to split triglycerides-see 
pat. 20060069274. In the present case again positive displacement pumps followed by heat 
exchangers have to be used to have the correct operating regimes in the reactors but checking 
mass flow rates the heat exchangers specified in (ii) can be used. The reactors will have a similar 
configuration to (ii). 
For PFR 3 (iii) H: (hydrolysis of oil) 
Reactor volume 6,4m³; temperature 270 ˚C; residence time 25min.; pressure 15 MPa. 
Tubes 10 cm; thickness 7mm.; length 12m; number 68. 
For PFR 3 (iii) E: 
For conversion of FFA to FAME flow rates are lower, thus 46 tubes are used with other 
parameters as for PFR (iii) H. 
 
Product                                       Hydrolysis                                               Esterification 
                                                    Inlet             Outlet                                  Inlet            Outlet 
Glycerol                                        ---               530,0                                    ---                 --- 
Water                                           7904,0        8056,0                                  304,0          583,0 
TG (oil)                                         5000,0         ---                                          ---                --- 
Fatty acids (FA)                              ---             4522,0                                   4522,0         --- 
Methanol                                        ---                 ---                                       3572,0         3076,0 
FAME (biodiesel)                            ---                ---                                           ---             4738,0 

 
For a plant with a capacity of 100 000 tonnes per year all the flow rates have to be multiplied by 
2,5. ASME code 2001 seems to apply but vendor has to select code from his experience. 
For the PFR 200 series for the bigger capacity, it is proposed that only the number of tubes is 
changed to facilitate the optimum use of time for the neutralization-; pre esterification and 
transesterification cases. For the supercritical case, note that the length of the reactor is changed 
in addition to the number of tubes. The hydrolysis/esterification is not needed to be priced again. 
 

1. Instead of PFR 100 at 200 tubes, price PFR 200 at 509 tubes. 
2. Instead of PFR 100 (a) at 120 tubes, price PFR 200 (a) at 280 tubes. 
3. Instead of PFR 100 (b) at 190 tubes, price PFR 200 (b) at 475 tubes. 
4. Instead of PFR 100 3 (a) at 90 tubes, price PFR 200 3 (a) at 225 tubes. 
5. Instead of PFR 100 3 (b) at 54 tubes, price PFR 200 3 (b) at 68 tubes but increase the 

length of the reactor to 24 m compared to 12 m 

11.2.4.8 Control and instrumentation 

 
 
 
 
WESSEL SWART 
Pr. Eng., B.Sc.Eng.(Chemical)Rand; B.Proc.(UNISA) 

PROCESS/TECHNICAL SPECIFICATION 

(a) 40 000 tonnes per year Biodiesel Control & Instumentation. 
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(b) 100 0000 tonnes per year Biodiesel  

 ITEM No.: No. REQD: 

 See list below. 

REV 0     

 July 
2009 

   SHEET 1 OF 1 

     Duty: Continuous. 

     Material of construction: SS316 

General. 

Two sets of budget prices are required for the two capacities listed. 

Based on a one vendor approach and preferring an integrated automated control and 
instrumentation philosophy, in this specification the main equipment is listed. Pipe sizes and a 
plot plan are not given but will be similar to a 10MM US gallon per year facility. In addition the 
costs associated with the supply of about 100 pneumatic valves need to be given together with an 
American cost of installation or a factor based on the equipment listed. If in the alternative to US 
dollar prices the SA associated company can provide South African prices on equipment cost 
basis or turn key, an estimate can then be compiled.  

Two capacities are given namely 40 000 tonnes per year or 11.7 MM US gallon per year and 100 
000 tonnes per year (30 MM US gallons) It is envisaged that the same controller and network can 
be used for both capacities but that items such as flow measuring meters, wiring and cabling will 
need to be adjusted. The C & I will be for a conventional base catalysed biodiesel plant with 
degumming of oil, transesterification; methanol, glycerol recovery and purifying of biodiesel. 

 

Main items of equipment: 

1. Siemens S7 315 – 2 DP Controller. 

2. Five Siemens SITRANS FC Coriolis flowmeters. 

3. Ten Siemens pressure transmitters, including SITRANS P DS. III and SITRANS Z. 

4. Forty Siemens TH 400 temperature transmitters. 

5. Fourteen SITRANS Probe LU and SITRANS LR level devices. 

6. Five Siemens POINTER CLS 200 level switches for overflow protection in process area. 

7. A Siemens PROFIBUS network and thirteen Siemens micromaster 400 variable speed 
drives with PROFIBUS cables. 

8. Two Siemens SIPART PS 2 valve positioned temperature controls in distillation columns 

9. Siemens TP 277 touch screen human machine interfaces with WinFCC Flexible software 
for operator control panels based on Simatic PCS 7 platform and architecture. 

10. Cabling and wiring from tank farm and process area to control room. 

11. There will be some instrumentation associated with the cooling tower, fire fighting pumps 
and other balance of plant items which will be outside the process area for which a 
contingency can be allocated.  

 
 
 
 
 
 
 
 
 
 
 

11.2.4.9 Specification for centrifugal and metering pumps 

 
WESSEL SWART 
Pr. Eng., B.Sc.Eng.(Chemical)Rand; B.Proc.(UNISA) 

PROCESS/TECHNICAL SPECIFICATION 

40 000 tonnes per year Biodiesel Plant. Centrifugal and metering pumps. 
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 ITEM No.: No. REQD: 

 See list below. 

REV 1     

 Feb.2009.    SHEET 1 OF 2 

     Duty: Continuous. 

     Material of construction: SS 316 

General: A number of centrifugal pumps are required to transfer methanol, water, vegetable oil, fatty 
acid methyl ester (Biodiesel) and glycerol between a tank farm and a process plant as well as 
transferring these products and mixtures of these products a maximum of 15 m high inside the 
plant. There are no sumps and the tank farm is adjacent to the plant. Assume NPSH in all cases. 
Temperatures will range from ambient in the tank farm to 80 ˚C. Some pumps will deliver into heat 
exchangers. Maximum viscosity 1 500 cp for vegetable oil, biodiesel may present seal problems. 
Densities range from 0,79 (methanol) – 0,9 vegetable oil – 1,26 glycerol. [kg/l]  

Secondly an estimated 5 metering pumps are required to transfer solutions containing phosphoric 
acid, hydrochloric acid (30%), caustic soda (brine) and a mixture of methanol and NaOH a 
maximum of 15 m inside a process plant.  

Schedule: 

Pump ID.      Type:             Product:           Capacity (m³/h):   Temp.(˚C)           Purpose.                         

1.L1/2           Centrifugal     Methanol          20                        Ambient   From a tanker to a 14m  
                                                                                                                 high storage tank. 
2.L4/5           Centrifugal     Methanol          1,0                       Ambient    Tank farm in a piping loop 
                                                                                                                  to plant, max.15m high. 
3.L22             Centrifugal    Crude veg. Oil  40,0                     Ambient    From tanker to tank farm. 
4.L23/24        Centrifugal    Crude veg. Oil    6,0                     30-40        From heated storage tank 
                                                                                                                  to degumming plant. 
5.L29             Centrifugal   Water/phospho-  0,25                    30             Gums to storage tank. 
                                           lipids (gums) 
6.L30             Centrifugal   Gums/water        6,0                      Ambient    Gums to road tanker/ 
                                                                                                                   disposal. 
7.L21              Metering      Phosphoric acid 0,25                    Ambient    Phosphoric acid/water to  
                                                                                                                  degumming mixer. 
8.L16/17          Metering      Brine (NaOH)     0,075                  Ambient    NaOH/water for soap  
                                                                                                                  stock/neutralization. 
9.L9/10            Metering     Methoxide           0,7                      Ambient   NaOH/Methanol mixture 
                                                                                                                  to transesterification. 
10. L33/34       Centrifugal Soap stock          1,0                      Ambient    Soap stock to storage. 
11.L32             Centrifugal Vegetable oil       6,0                      30-40        Oil to vacuum drier heat              
                                                                                                                   exchanger. 
12.L37             Centrifugal Refined veg oil   6,0                       80-90        Refined oil to surge tank. 
13.L39             Centrifugal Refined oil          6,0                       65             Oil to transesterification. 
14.L41/42        Centrifugal Aqueous phase  1,1                       60             Reactor decanter product 
15.L46/47        Centrifugal Aqueous phase  1,1                       60             Second reactor trans                           
                                                                                                                   -esterification product. 
16.L44             Centrifugal 1

st
 reactor           6,5                       60             Reactor product to  

                                                                                                                   Centrifugal separator. 
17.L45              Centrifugal 2

nd
 reactor          5,6                      60              2

nd
 reactor product (gly- 

                                                                                                                   cerol removed). 
18.L17              Centrifugal Soft water           2,0                      Ambient   Soft water circulation from 
                                                                                                                  storage for washing,mixer 
19.L14              Metering    NaOH/water        0,12                   Ambient    For neutralization of FFA 
20.L52              Centrifugal Aqueous phase  2,2                      40-60       Raw glycerol/water/mthnl. 
21.L53          Centrifugal Biodiesel             5,2                          40-60       Biodiesel to vacuum drier 
                                                                                                                   heat exchanger. 
22.L56          Centrifugal Biodiesel             5,2                           80            Biodiesel from drier to  
                                                                                                                   storage in tank farm. 
23.L57/58     Centrifugal Biodiesel             40                             Ambient  Biodiesel from storage to 
                                                                                                                   road or rail tankers. 
24.L62/75     Centrifugal Methanol/water   1,8                            65           Glycerol stripper top pro- 
                                                                                                                   duct to distill methanol. 
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25.L63          Centrifugal Glycerol/water     0,5                            80          Glycerol stripper bottoms. 
26.L65/66      Metering    HCl 30% soln.     0,3                            Ambient HCl soln. for NaOH neu- 
                                                                                                                   tralisation in glycerol. 
27.L64           Centrifugal Glycerol/NaOH   0,5                            40-60     Glycerol bottoms from  
                                                                                                                   Surge tank to mixer. 
28.L70           Centrifugal Water/NaCl         0,3                            Ambient Glycerol separator water 
                                                                                                                    to water waste tank. 
29.L69           Centrifugal Glycerol               0,5                            Ambient Glycerol decanter pro- 
                                                                                                                    duct to storage. 
30.L73/74      Centrifugal Glycerol               20                             Ambient Glycerol from storage to 
                                                                                                                    road or rail tankers.             

 Information required: 
1. The literature on equipment lists indicates power requirements for centrifugal pumps to be 

generally less than 1kW per pump. However the sources do not cater for pumps in the tank 
farm that need to discharge comparatively large volumes for dispatch. An estimate per 
pump of the motor sizes is requested. 

2. A budget cost per pump and motor is required, including suggested inlet/outlet flange sizes, 
bearing in mind a flame proof environment because of the presence of methanol.  

 
 

11.2.4.9.1 Specifications for process gear and vane pumps (40 000 tonnes per year)  

 
WESSEL SWART 
Pr. Eng., B.Sc.Eng.(Chemical)Rand; B.Proc.(UNISA) 

PROCESS/TECHNICAL SPECIFICATION 

40 000 tonnes per year Biodiesel Plant. Process Gear and Vane pumps. 

  

 ITEM No.: No. REQD: 

 See list below. 

REV 1     

 Mar.2009.    SHEET 1 OF 2 

     Duty: Continuous. 

     Material of construction: SS 316 

General: A number of pumps are required to transfer methanol, water, vegetable oil, fatty acid 
methyl ester (Biodiesel) and glycerol between a tank farm and a process plant as well as 
transferring these products and mixtures of these products a maximum of 15 m high inside the 
plant. There are no sumps and the tank farm is adjacent to the plant. Assume NPSH in all cases. 
Temperatures will range from ambient in the tank farm to 80 ˚C. Some pumps will deliver into heat 
exchangers. Maximum viscosity 1 500 cp for vegetable oil, biodiesel may present seal problems. 
Densities range from 0,79 (methanol) – 0,9 vegetable oil – 1,26 glycerol. [kg/l]  

Secondly an estimated 5 metering pumps are required to transfer solutions containing phosphoric 
acid, hydrochloric acid (30%), caustic soda (brine) and a mixture of methanol and NaOH a 
maximum of 15 m inside a process plant. It is assumed this can be done with gear pumps.  

Schedule: 

Pump ID.      Type:             Product:           Capacity (m³/h):   Temp.(˚C)           Purpose.                         

1.L1/2           Rotary vane   Methanol          20                        Ambient   From a tanker to a 14m  
                                                                                                                 high storage tank. 
2.L4/5           Rotary vane   Methanol          1,0                       Ambient    Tank farm in a piping loop 
                                                                                                                  to plant, max.15m high. 
3.L22             Int. gear        Crude veg. Oil  40,0                     Ambient    From tanker to tank farm. 
4.L23/24        Int. Gear       Crude veg. Oil    6,0                     30-40        From heated storage tank 
                                                                                                                  to degumming plant. 
5.L29              Int. Gear      Water/phospho-  0,25                    30             Gums to storage tank. 
                                           lipids (gums) 
6.L30              Int. Gear      Gums/water        6,0                      Ambient    Gums to road tanker/ 
                                                                                                                   disposal. 
7.L21              Ext. Gear      Phosphoric acid 0,25                    Ambient    Phosphoric acid/water to  
                                                                                                                  degumming mixer. 
8.L16/17         Ext. Gear      Brine (NaOH)     0,075                  Ambient    NaOH/water for soap  
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                                                                                                                  stock/neutralization. 
9.L9/10            Ext. Gear     Methoxide           0,7                      Ambient   NaOH/Methanol mixture 
                                                                                                                  to transesterification. 
10. L33/34       Int. Gear     Soap stock          1,0                      Ambient    Soap stock to storage. 
11.L32             Int. Gear     Vegetable oil       6,0                      30-40        Oil to vacuum drier heat              
                                                                                                                   exchanger. 
12.L37             Int. Gear     Refined veg oil   6,0                       80-90        Refined oil to surge tank. 
13.L39             Int. Gear     Refined oil          6,0                       65             Oil to transesterification. 
14.L41/42        Rot. vane    Aqueous phase  1,1                       60             Reactor decanter    
                                                                                                                   product 
15.L46/47        Rot. vane    Aqueous phase  1,1                       60             Second reactor trans                           
                                                                                                                   -esterification product. 
16.L44              Int. gear     1

st
 reactor           6,5                       60             Reactor product to  

                                                                                                                   Centrifugal separator. 
17.L45              Int.gear       2

nd
 reactor          5,6                      60              2

nd
 reactor product (gly- 

                                                                                                                   cerol removed). 
18.L17              Rot. Vane  Soft water           2,0                      Ambient   Soft water circulation from 
                                                                                                                  storage for washing,mixer 
19.L14              Ext. gear    NaOH/water        0,12                   Ambient    For neutralization of FFA 
20.L52          Rot. vane   Aqueous phase  2,2                      40-60       Raw glycerol/water/mthnl. 
21.L53          Rot. vane   Biodiesel             5,2                          40-60       Biodiesel to vacuum drier 
                                                                                                                   heat exchanger. 
22.L56          Int. Gear     Biodiesel             5,2                           80            Biodiesel from drier to  
                                                                                                                   storage in tank farm. 
23.L57/58     Int. Gear     Biodiesel             40                            Ambient  Biodiesel from storage to 
                                                                                                                   road or rail tankers. 
24.L62/75     Rot. Vane  Methanol/water   1,8                            65           Glycerol stripper top pro- 
                                                                                                                   duct to distill methanol. 
25.L63          Rot. Vane  Glycerol/water     0,5                            80          Glycerol stripper bottoms. 
26.L65/66     Ext. Gear    HCl 30% soln.     0,3                            Ambient HCl soln. for NaOH neu- 
                                                                                                                   tralisation in glycerol. 
27.L64           Rot. vane Glycerol/NaOH    0,5                            40-60     Glycerol bottoms from  
                                                                                                                   Surge tank to mixer. 
28.L70           Rot. Vane  Water/NaCl         0,3                            Ambient Glycerol separator water 
                                                                                                                    to water waste tank. 
29.L69           Rot. Vane  Glycerol               0,5                            Ambient Glycerol decanter pro- 
                                                                                                                    duct to storage. 
30.L73/74      Rot. Vane  Glycerol               20                             Ambient Glycerol from storage to 
                                                                                                                    road or rail tankers.             

 Information required: 
3. The literature on equipment lists indicates power requirements for centrifugal pumps to be 

generally less than 1kW per pump. However the sources do not cater for pumps in the tank 
farm that need to discharge comparatively large volumes for dispatch. An estimate per 
pump of the motor sizes is requested. 

4. A budget cost per pump and motor is required, including suggested inlet/outlet flange sizes, 
bearing in mind a flame proof environment because of the presence of methanol.  

Notes:  

1. If tubular reactors are used, the pressures will be higher. For a 100 000 tonnes /year 

             Zapata et al. Still calculate kW required less than 1. 

2. For an ethanol plant, where there is a high solids content from the mixing tanks to the 

             cooker and from there to the liquefaction plant, centrifugal pumps are used. Where there 

             is also a high solids content such as the distillation bottoms to the centrifuge for 

             separating out wet distillers grains, rotary lobe pumps are used.    

3. The work horse of pumps seems to be the rotary vane pump. 

 

11.2.4.9.2 Specifications for process gear and vane pumps (100 000 tonnes per year)  

 
WESSEL SWART PROCESS/TECHNICAL SPECIFICATION 
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Pr. Eng., B.Sc.Eng.(Chemical)Rand; B.Proc.(UNISA) 

100 000 tonnes per year Biodiesel Plant. Process Gear and Vane pumps. 

  

 ITEM No.: No. REQD: 

 See list below. 

REV 1     

 July.2009.    SHEET 1 OF 2 

     Duty: Continuous. 

     Material of construction: SS 316 

General: A number of pumps are required to transfer methanol, water, vegetable oil, fatty acid 
methyl ester (Biodiesel) and glycerol between a tank farm and a process plant as well as 
transferring these products and mixtures of these products a maximum of 15 m high inside the plant. 
There are no sumps and the tank farm is adjacent to the plant. Assume NPSH in all cases. 
Temperatures will range from ambient in the tank farm to 80 ˚C. Some pumps will deliver into heat 
exchangers. Maximum viscosity 1 500 cp for vegetable oil, biodiesel may present seal problems. 
Densities range from 0,79 (methanol) – 0,9 vegetable oil – 1,26 glycerol. [kg/l]  

Secondly an estimated 5 metering pumps are required to transfer solutions containing phosphoric 
acid, hydrochloric acid (30%), caustic soda (brine) and a mixture of methanol and NaOH a maximum 
of 15 m inside a process plant. It is assumed this can be done with gear pumps.  

Schedule: 

Pump ID.      Type:             Product:           Capacity (m³/h):   Temp.(˚C)           Purpose.                         

1.L1/2           Rotary vane   Methanol          50                        Ambient   From a tanker to a 14m  
                                                                                                                 high storage tank. 
2.L4/5           Rotary vane   Methanol          2,5                       Ambient    Tank farm in a piping loop 
                                                                                                                  to plant, max.15m high. 
3.L22             Int. gear        Crude veg. Oil  40,0                     Ambient    From tanker to tank farm. 
4.L23/24        Int. Gear       Crude veg. Oil    20,0                     30-40        From heated storage tank 
                                                                                                                  to degumming plant. 
5.L29              Int. Gear      Water/phospho-  1,0                    30             Gums to storage tank. 
                                           lipids (gums) 
6.L30              Int. Gear      Gums/water        20,0                      Ambient    Gums to road tanker/ 
                                                                                                                   disposal. 
7.L21              Ext. Gear      Phosphoric acid 1,0                    Ambient    Phosphoric acid/water to  
                                                                                                                  degumming mixer. 
8.L16/17         Ext. Gear      Brine (NaOH)     0,3                  Ambient    NaOH/water for soap  
                                                                                                                  stock/neutralization. 
9.L9/10            Ext. Gear     Methoxide           2,0                      Ambient   NaOH/Methanol mixture 
                                                                                                                  to transesterification. 
10. L33/34       Int. Gear     Soap stock          3,0                      Ambient    Soap stock to storage. 
11.L32             Int. Gear     Vegetable oil       20,0                      30-40        Oil to vacuum drier heat              
                                                                                                                   exchanger. 
12.L37             Int. Gear     Refined veg oil   20,0                       80-90        Refined oil to surge tank. 
13.L39             Int. Gear     Refined oil          20,0                       65             Oil to transesterification. 
14.L41/42        Rot. vane    Aqueous phase  2,75                       60             Reactor decanter    
                                                                                                                   product 
15.L46/47        Rot. vane    Aqueous phase  2,75                       60             Second reactor trans                           
                                                                                                                   -esterification product. 
16.L44              Int. gear     1

st
 reactor           16,25                      60             Reactor product to  

                                                                                                                   Centrifugal separator. 
17.L45              Int.gear       2

nd
 reactor          14,0                      60              2

nd
 reactor product (gly- 

                                                                                                                   cerol removed). 
18.L17              Rot. Vane  Soft water           5,0                      Ambient   Soft water circulation from 
                                                                                                                  storage for washing,mixer 
19.L14              Ext. gear    NaOH/water        0,3                   Ambient    For neutralization of FFA 
20.L52          Rot. vane   Aqueous phase  6,0                      40-60       Raw glycerol/water/mthnl. 
21.L53          Rot. vane   Biodiesel             13                          40-60       Biodiesel to vacuum drier 
                                                                                                                   heat exchanger. 
22.L56          Int. Gear     Biodiesel             13                           80            Biodiesel from drier to  
                                                                                                                   storage in tank farm. 
23.L57/58     Int. Gear     Biodiesel             40                            Ambient  Biodiesel from storage to 
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                                                                                                                   road or rail tankers. 
24.L62/75     Rot. Vane  Methanol/water   4,5                           65           Glycerol stripper top pro- 
                                                                                                                   duct to distill methanol. 
25.L63          Rot. Vane  Glycerol/water     1,25                            80          Glycerol stripper bottoms. 
26.L65/66     Ext. Gear    HCl 30% soln.     1,0                            Ambient HCl soln. for NaOH neu- 
                                                                                                                   tralisation in glycerol. 
27.L64           Rot. vane Glycerol/NaOH    1,25                            40-60     Glycerol bottoms from  
                                                                                                                   Surge tank to mixer. 
28.L70           Rot. Vane  Water/NaCl         1                            Ambient Glycerol separator water 
                                                                                                                    to water waste tank. 
29.L69           Rot. Vane  Glycerol               1,25                            Ambient Glycerol decanter pro- 
                                                                                                                    duct to storage. 
30.L73/74      Rot. Vane  Glycerol               60                             Ambient Glycerol from storage to 
                                                                                                                    road or rail tankers.             

 Information required: 
5. The literature on equipment lists indicates power requirements for centrifugal pumps to be 

generally less than 1kW per pump. However the sources do not cater for pumps in the tank 
farm that need to discharge comparatively large volumes for dispatch. An estimate per 
pump of the motor sizes is requested. 

6. A budget cost per pump and motor is required, including suggested inlet/outlet flange sizes, 
bearing in mind a flame proof environment because of the presence of methanol.  

Notes:  

4. If tubular reactors are used, the pressures will be higher. For a 100 000 tonnes /year 

             Zapata et al. Still calculate kW required less than 1. 

5. For an ethanol plant, where there is a high solids content from the mixing tanks to the 

             cooker and from there to the liquefaction plant, centrifugal pumps are used. Where there 

             is also a high solids content such as the distillation bottoms to the centrifuge for 

             separating out wet distillers grains, rotary lobe pumps are used.    

6. The work horse of pumps seems to be the rotary vane pump. 

 

11.2.4.9.3 Positive displacement pumps for a 40 000 tonnes per year biodiesel plant 

 
WESSEL SWART 
Pr. Eng., B.Sc.Eng.(Chemical)Rand; B.Proc.(UNISA) 

PROCESS/TECHNICAL SPECIFICATION 

For a 40 000 tonnes per year biodiesel plant. Positive Displacement Pumps. 

  

 ITEM No.: No. REQD: 

 See list below. 

REV 1     

 3/2009    SHEET 1 OF 1 

     Duty: Continuous. 

     Material of construction: SS316 

 
Duty:  
A rotary or plunger type positive displacement pump is required (one or more units operating in 
series or in parallel) to transfer and pressurize a mixture of hydrocarbons – propane or hexane-; 
vegetable oil such as soy bean oil i.e. triglycerides and methanol from a mixer where these 
substances were proportioned and mixed at a temperature of ~40 ˚C and pressure of ~5 bar 
(centrifugal or a rotary vane pump delivery) to a system consisting of one or more heat 
exchangers and a plug flow reactor operating at 300 ˚C and 20 MPa. (200 bar) 
It is envisaged that the substances transferred by the pump and reacted to form fatty acid methyl 
ester (biodiesel) and glycerol together with unreacted methanol will be passed back from the 
reactor to the shell side of the heat exchanger to heat the incoming stream from the pump. There 
after these products will be separated into an aqueous phase containing glycerol and methanol 
and an oil phase containing biodiesel, possibly some unreacted triglycerides and methanol. A 
question is whether it is necessary to cool the products and reduce the pressure prior to 
separation through decantation or centrifugal action. 
Claims from the literature indicate that propane is a liquid at 5 bar and 40 ˚C, the inlet conditions 
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to the pump. If hexane is used – a liquid at normal temperature and pressure - , the need for a 
compressor to increase the pressure of propane, may not be necessary. 
The duty of the pump will not be dissimilar to those used in the hydrolysis of vegetable oils 
(triglycerides) in splitting columns in the oleochemical industry (Proctor & Gamble; Henkel; 
Unilever) where superheated steam is passed through the oil at substantially the same 
temperatures and pressures. 
 
Flow rates in kg/h at a molar flow rate of 24:1 methanol to oil in the reactor: 
 
Product                                       Inlet                                Outlet 
FAME (biodiesel)                           --                                    5123,6 
Methanol                                     4428,0                              3875,0 
Propane                                        305,0                                305,0 
Triglycerides (oil)                         5100,0                                 -- 
Glycerol                                           --                                     541,0 
 
The glycerol/water mixture is known in the industry as sweet water. Biodiesel is a superior solvent 
to diesel and has an effect on alloys like brass and certain elastomers. 

 
General. 
Units: 1 psi = 0,069 bar: 1 bar = 101,325 kPa. = 1 atm.; 1MPa = 1 000 kPa. 
 
Densities: Oil = 0,9 kg/l; Methanol = 0,78 kg/l; 
 
Duty: 11 300 l/hr = 3 000 US gall/hr = 50 US gall/minute. 

 
 
 

11.2.5 Detailed priced equipment list for three process routes for a 40 000 tonnes/year 
biodiesel plant 

 
The unit prices were obtained either during the period April 2011 to September 2011 or 
escalated in accordance with recognised indices such as those published by the journal 
Chemical Engineering where these prices or estimates were obtained at some other point in 
time. 
 
Note: HACA - Homogenuous alkali catalysed alcoholysis; ECA - Enzymatic catalysed 
alcoholysis; SCA - supercritical alcoholysis 
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11.2.5.1 Sheet 1 Equipment list: Pumps 

Flow sheet letter designation and item 
identification Product description/facility/equipment 

Dimensions / flow rate / capacity / 
specification 

Conditions  

Model/Fittings Unit cost Useful data/comments 
Installed price 
(Rand ZAR) HACA ECA SCA Process route identification Temperature Pressure Density Power 

Code L     Pumps for HACA process route                 R3 604 000  

  Code L   Pumps for ECA process route                 R4 282 000  

    Code L Pumps for SCA process route                 R3 940 000  

L-22 L-02 L-01 Oil delivery from tanker into storage tank Internal gear general purpose 40 m³/h ambient npsh 0.5m 0.88  5,5 kW Model Q 432 R55 909  Kiinematic viscosity (ν)  at 37,8 ºc 43-54 cSt R110 000  

L-23/24 L-23 L-03 Oil delivery from storage into plant Internal gear general purpose 6 m³/h 30-40 ºC npsh 15m 0.88  1,1 kW Model  HL 4124 R24 468   ν = 35 – 60 cSt R50 000  

L-17 L-07 L-08 Soft water delivery pump from storage tank Rotary vane 20 m³/h ambient npsh 10m 1 2,2 kW  Model KK4124 R36 782   At  20 ºC, ν = 1 cSt  R74 000 

L-01/02 L-39 L-12 Methanol delivery pump from tanker to tank Rotary vane 20 m³/h ambient npsh 0.5m 0.79 2,2 kW  Model  KK 4124  R66 782  At 15 ºC, ν = 0,74 cSt  R74 000 

L-04/05 L-42 L-14 Methanol delivery pump from storage tank Rotary vane 1 m³/h ambient npsh 1m 0.79 1,1 kW  Model  H4124  R29 252 v = 0,74 cSt    R60 000 

L-27 L-27 No Oil phase from gums decanter Internal gear general purpose 6 m³/h 30-40 ºC npsh 0 0.9  1,1 kW Model K 4124  R31 761 Assume cooking oil viscosity at ν = 40 cSt   R62 000 

L-28 Yes, L-28 No Water/phospholids (gums) from decanter Internal gear general purpose 0.25 m³/h 30 ºC npsh 0 1  0,75 kW Model FH 432  R14 142  Assume ν = 5 cSt  R30 000 

L-29B L-32 No Gums from water/ gums separator to tank Internal gear general purpose 0.25 m³/h 30 ºC npsh 0         0,89  0,75 kW Model FH 432  R14 142  ν = 3 cSt  R30 000 

L-29A   L-31 No Water froms gums separator to waste tank Rotary vane 1 m³/h 30 ºC npsh 0 1  0,75 kW Model  H4124  R29 252  v = 1 cSt  R60 000 

L-21 L-20 No Phosphoric acid metering pump to mixer External gear 0.25 m³/h ambient npsh 1m         2,2 0,75 kW  Model  FH 432  R14 142 At  20 ºC, ν = 14 cSt   R30 000 

L-16/17 No No NaOH Soap stock neutralisation metering External gear 0.075 m³/h ambient npsh 0.5m 1  0,75 kW Model  C432  R18 680  30% NaOH at  18,3 ºC, ν = 10cSt  R38 000 

L-9/10 No No Methoxide tank discharge to reactors External gear 0.7 m³/h ambient npsh 0.5m 0.97  0,75 kW Model FH 432  R14 142 Assume ν = 2 cSt   R30 000 

L-33/34 No No Soap stock discharge from decanter to tank  Internal gear 1.0 m³/h ambient npsh 0.5m           0,9  0,75 kW Model G 432  R14 806  Assume ν = 20 cSt  R30 000 

L-35 No No Soap stock tank discharge to loading Internal gear 6 m³/h ambient npsh 1m          0,9  0,75 kW Model HL 4124 R23 606   Assume ν = 20 cSt  R$8 000 

L-37 No No Refined oil from drier to reactor feed tank Internal gear 6 m³/h 80-90 ºC npsh 0.5m          0,9  1,1 kW Model K 432  R21 534  Assume ν = 30 cSt  R44 000 

L-38/39 L-37 No Reactor feed tank delivery pump Internal gear 6 m³/h 40-60 ºC npsh 1m         0,9  2,2 kW Model K 4123  R30 961  Asume ν = 35 cSt  R 62 000 

No            No L-26 High pressure pump to reactor heat exch. Positive displacement plunger 12.32 m³/h 40 ºC inlet 5 bar 0.8 42 KW KP-3300BC $24,433.00 Displacement 66.9 GPM; 7.2 Mpa; 50 mm inlet R510 000  

No No L-39 High pressure pump for second reactor Positive displacement plunger 11.8 m³/h 40 ºC inlet 5 bar 0.8 42 KW KP-3300BC $24,433.00 Displacement 58 GPM; 8.9 Mpa; 50 mm inlet  R510 000 

L-41/42 L-91 L-63 First reactor decanter glycerol/water Rotary vane 1.1 m³/h 40 ºC npsh 0.5m 1.2 1,1 kW  LVP 40017  R60 343 Assume 50% water; At 20 ºC ν = 5,29 cSt   R122 000 

L-47 No L-65 Second reactor decanter glycerol/water Rotary vane 1.1 m³/h 40 ºC npsh 0.5m 1.2  1,1 kW LVP 40017  R60 343 Assume 50% water; At 20 ºC ν = 5,29 cSt   R122 000 

L-44 L-50 L-36 First reactor decanter oil phase Internal gear 6.5 m³/h 60 ºC npsh 0.5m 0.9  1,1 kW Model Hl 4124  R25 467  Assume ν = 6 cSt R52 000  

L-46 L-56 L-52 Second reactor decanter oil phase Internal gear 6.5 m³/h 60 ºC npsh 0.5m 0.9  1,1 kW Model HL 4124  R25 467 Assume ν = 6 cSt  R52 000  

No L-62 No Third reactor decanter oil phase Internal gear 6.5 m³/h 60 ºC npsh 0.5m 0.9  1,1 kW Model HL 4124  R25 467 Assume ν = 6 cSt   R52 000 

No          L-68 No  Fourth reactor decanter oil phase Internal gear 6.5 m³/h 60 ºC npsh 0.5m 0.9  1,1 kW Model  HL 4124  R25 467  Assume ν = 6 cSt  R52 000 

L-14 No No NaOH FFA neutralisation metering External gear 0.12 m³/h ambient npsh 0.5m 1 0,75 kW  Model F 4724  R34 134 Assume ν = 10 cSt   R70 000 
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L-52 No No FAME washings pump Rotary vane 2 m³/h 60 ºC npsh 0.5m 1 1,1 kW  LVP 40017  R60 343 Assume ν = 1 cSt   R122 000 

L-53 No No FAME feed pump to vacuum drier Rotary vane 5.2 m³/h 60 ºC npsh 0.5m 0.88  1,1 kW LVP 40027  R60 343 Assume ν = 6 cSt   R122 000 

Yes L-11 L-76 Plant water circulation pump Rotary vane 2m³/h ambient 10 bar 1 2,2 kW  LVP 40017  R62 754  Assume ν = 1 cSt R126 000  

L-56 L-77 L-55 Biodiesel discharge pump to tank farm Internal gear 5.2 m³/h 80-90 ºC npsh 0.5m 0.88 2,2 kW  Model K 4124  R30 961 Assume ν = 6 cSt  R62 000  

L-57/58  L-78 L-57 Biodiesel pump from tank to tankers Internal gear 40 m³/h ambient npsh 1m 0.88 7,5 kW  Model  Q 4124  R106 037  Assume ν = 6 cSt  R212 000 

L-59 L-93 L-71 Glycerol/water storage tank delivery pump Rotary vane 2.2 m³/h ambient npsh 1m 1.2 1,1 kW  LVP 40017  R60 343  Assume ν = 5 cSt  R122 000 

L-62/75 L-96 L-73 Glycerol stripper top product pump Rotary vane 1.8 m³/h 65 ºC npsh 0.5m 1 1,1 kW  LVP 40017  R60 343 Assume ν = 1 cSt   R122 000 

L-63 L-107 L-74 Glycerol stripper bottoms pump Rotary vane 0.5 m³/h 80 ºC npsh 0.5m 1.26  1,1 kW LVP 40017  R60 343 Assume 80% ν = 8,73 cSt   R122 000 

L-65/66 No No 30% HCl soln. pump for neutralisation External gear 0.3 m³/h ambient npsh 0.5m 1  0,75 kW CMD size 12  R25 605 Assume 30%, ν = 0,5 cSt   R52 000 

L-64 No No Glycerol feed pump to neutraliser Rotary vane 0.5 m³/h 60-80 ºC npsh 0.5m 1.1  1,1 kW LVP 40017  R60 343  Assume ν = 1,25 cSt  R122 000 

L-68 No No Neutralised glycerol pump to separator Rotary vane 0.5 m³/h 60-80 ºC npsh 0.5m 1.2  1,1 kW LVP 40017  R60 343  Assume ν = 2 cSt  R122 000 

L-69 No No Glycerol separator bottoms pump Rotary vane 0.5 m³/h 40 ºC npsh 0.5m 1.26  2,2 kW LVP 40017 R62 754   Assume ν = 54 cSt  R126 000 

L-73/74 L-109 L-79 Glycerol product pump to tank farm Rotary  vane 20 m³/h ambient npsh 0.5m 1.26  7,5 kW AL 4197  R109 391  Assume ν =1100 cSt  R220 000 

Yes L-01 Yes WCO/ high FFA feed pump to plant Internal gear 6 m³/h 40 ºC npsh 0.5m 0.9 1,1 kW  Model K 4124  R30 961  Assume ν = 6 cSt  R62 000 

Yes L-111 No Phosphoric acid delivery pump External gear 0.25 m³/h ambient npsh 0.5m           2,2 0,75 kW  CMD size 12  R25 605 Assume ν = 20 cSt  R52 000  

No   L-18 L-19 Hexane delivery pump into storage Rotary vane 20 m³/h ambient npsh 0.5m 0.66 3 kW  Model kk4124  R38 782 Assume ν = 0,7 cSt   R78 000 

No L-40 No Methanol circulation pump for enzymes Rotary vane 1m³/h ambient npsh 0.5m 0.66  1,1 kW LVP 40017 R60 343   Assume ν = 0,7 cSt  R122 000 

No L-45 No Methanol tank discharge to mixer Rotary vane 1 m³/h ambient Npsh 0.5m 0.66 1,1 kW  LVP 40017  R60 343  Assume ν = 0,75 cSt  R122 000 

No L-60 L-59 Unreacted product pump to tank Rotary vane 0.5 m³/h ambient npsh 0.5m 0.9  1,1 kW LVP 40017  R60 343 Assume ν = 50 cSt   R122 000 

Yes L-82 L-61 Unreacted oil pump from tank to plant Rotary vane 0.5 m³/h ambient npsh 0.5m 0.9 1,1 kW  LVP 40017  R60 343  Assume ν = 50 cSt  R122 000 

No L-116 No Acetone into storage Rotary vane 20 m³/h ambient npsh 0.5m 0.79 3 kW  Model kk 4124  R38 782 Assume ν = 0,4 cSt  R78 000  

No L-113 No Distilled acetone pump Rotary vane 1 m³/h ambient npsh 0.5m 0.79  1,1 kW LVP 40017  R60 343  Assume ν = 0,4 cSt  R122 000 

No L-114 No Acetone pump from tank farm Rotary vane 1 m³/h ambient npsh 0.5m 0.79  1,1 kW LVP 40017  R60 343  Assume ν = 0,4 cSt  R122 000 

No L-118 No Acetone pump to return tank Rotary vane 1 m³/h ambient npsh 0.5m 0.79  1,1 kW LVP 40017 R60 343  Assume ν = 0,4 cSt   R122 000 

No L-112 No Acetone circulating pump to reactors Rotary vane 5.0 m³/h ambient npsh 0.5m 0.79  1,1 kW LVP 40027  R60 343  Assume ν = 0,4 cSt  R122 000 

No L-120 No Acetone waste pump from flash drum Rotary vane 1 m³/h ambient npsh 0.5m 1  1,1 kW LVP 40017  R60 343 Assume ν = 1 cSt   R122 000 

No L-99 No Flash drum tops pump Rotary vane 0.5 m³/h 80 ºC npsh 0.5m 0.79  1,1 kW LVP 40017  R60 343 Assume ν = 0,5 cSt   R122 000 

No L-103 L-69 Flash drum bottoms pump Rotary vane 0.5 m³/h 80 ºC npsh 0.5m 1 1,1 kW  LVP 40017  R60 343 Assume ν = 6 cSt   R122 000 

Yes L-105 Yes Water delivery pump Rotary vane 20 m³/h ambient npsh 0.5m 1 2,2 kW  LVP 41087  R117314 Assume ν = 1 cSt   R236 000 

Yes Yes     L-82 Cooling water discharge pump Rotary vane 60 m³/h ambient npsh 0.5m 1  11 kW Model Q4124  R115 277  Asume ν = 1 cSt  R232 000 

No L-85 L-41 Hexane/methanol tank discharge pump Rotary vane 5 m³/h ambient npsh 0.5m 0.7  2,2 kW Model KK 4124  R30 961  Assume ν = 0,7 cSt  R62 000 

No Yes L-46 Hexane /methanol distillate pump Rotary vane 5 m³/h 60 ºC npsh 0.5m 0.7  2,2 kW Model KK 4124  R30 961 Assume ν = 0,5 cSt   R62 000 

No L-48? L-21 Hexane pump into mixer Rotary vane 0.5 m³/h ambient npsh 0.5m 0.66 1,1 kW  LVP 40017  R60 343 Assume ν = 0,7 cSt   R122 000 
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11.2.5.2 Sheet 2 Tanks; decanters and centrifuges; flow splitters and back pressure regulators; filters 

Flow sheet letter designation and 
item identification Product description/facility/equipment 

Dimensions/flow 
rate/capacity/specification 

Conditions 

Model/Fittings Unit cost Useful data/comments 
Installed price 
(Rand ZAR) HACA ECA SCA Process route identification Temperature Pressure Density Power 

Code F                       R35 874 114 

  Code F                     R43 258 344 

    Code F                   R 35 678 635 

F-00 F-00 Yes Animal fat/WCO cylindrical tanks 2 X 500 m³; D=8 m; L=10 m; flat bottom 40 ºC At     SS; heater; 8mm th. R4 500/m³ Conical roof; on concrete; N2 blanket R 5 542 000 

F-01 F-01 F-01 Vegetable crude cylindrical tank 2 500 m³ D=15 m; L=14 m; flat bottom 40 ºC At     SS; heater; 8mm th. R2 000/m³ Conical roof; on concrete; N2 blanket R6 652 000 

F-02 F-02 F-02 Fresh methanol cylindrical storage tank 500 m³; D=8 m; L=10 m; flat bottom ambient At     SS; 8 mm thickness R4 500/m³ Conical roof; on concrete; N2 blanket R2 771 000 

F-03 No No NaOH storage bin and conveyors Conveyor 50 kg/h ambient At       Package   R50 000 

F-03(a) No No Sodium methylate cylindrical tank 30 m³ ambient At     SS R23 500/m³ Filled from 23 m³ isotainer; on concrete R748 851 

F-03(b) F-03(b) No Caustic lye or phoshoric acid tank 30 m³ ambient At     SS R23 500/m³ For neutralisation R748 851 

F-04 F-04 Yes Soft water storage tank 10 m³; D=2.1 m; L=3 m horizontal ambient At     SS; 10 mm thickness R44 545/m³ For boiler and acid dilution R473 157 

F-05 F-05 No Phosphoric acid storage drum 200l ambient At     SS R45 000/m³   R9 000 

F-06 F-06 No Gums storage tank 10 m³         SS R44 545/m³   R473 157 

F-07 F-07 No Gums or soap stock waste tank 10 m³           R44 545/m³   R473 157 

F-08 F-08 Yes Refined/hot oil storage tank 20 m³; D=2.5 m; L=4.1m;horizontal 40 ºC At     SS; heater; 10 mm th. R31 047/m³   R659 562 

F-09 F-09 F-07 Raw glycerol and water storage tank 10 m³; D=2.1 m; L=3 m horizontal         SS; 10 mm th. R44 545/m³   R473 157 

F-10 No No Neutralised glycerol tank 5 m³           R45 000/m³   R239 000 

F-11 F-11 F-05 Biodiesel cylindrical storage tank 2 500 m³ D=15 m; L=14 m; flat bottom ambient At     SS; 8 mm thickness R2 000/m³ Conical roof; on concrete; N2 blanket R6 652 000 

F-12 No No Unneutralised water/glycerol tank 10 m³ 80 ºC At     SS; 10 mm thickness R44 545/m³   R473 157 

F-14 F-14 F-09 Glycerol storage tank 500 m³; D=8 m; L=10 m; flat bottom ambient At     SS; 8 mm thickness R4 500/m³   R2 771 000 

F-15 F-15 F-08 Waste water storage tank 10 m³ ambient At     SS; 10 mm thickness R44 545/m³ Sewer disposal to be available R473 157 

F-16 No No HCl storage tank for neutralisation 10 m³ ambient At     SS; 10 mm thickness R44 545/m³ Determined by HCl transport method R473 157 

F-17 Yes Yes Off specification storage tank 20 m³; D=2.5 m; L=4.1m; horizontal ambient At     SS; 10 mm thickness R31 047/m³   R659 562 

F-13 F-12 No Condensed methanol storage tank 500 m³; D=8 m; L=10 m; flat bottom ambient At     SS; 8 mm thickness R4 500/m³ Conical roof; on concrete; N2 blanket R2 771 000 

No F-13 F-04 
Condensed hexane/methanol storage 
tank 500 m³; D=8 m; L=10 m; flat bottom ambient At     SS; 8 mm thickness R4 500/m³ Conical roof; on concrete; N2 blanket R2 771 000 

Yes F-10 F-06 Unreacted oil storage tank 5 m³ 90 ºC At       R45 000/m³   R239 000 

Yes F-16 Yes Plant water storage tank 500 m³; D=8 m; L=10 m; flat bottom ambient At     CS; 8 mm thickness R4 500/m³ Conical roof; on concrete. R2 771 000 

No F-17 F-03 Hexane storage tank 500 m³; D=8 m; L=10 m; flat bottom ambient At     SS; 8 mm thickness R4 500/m³ Conical roof; on concrete; N2 blanket R2 771 000 
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No F-18 No Acetone return tank 50 m³ ambient At     SS; 10 mm thickness R19 485/m³   R1 034 848 

No F-19 No Acetone holding tank 50 m³ ambient At     SS; 10 mm thickness R19 485/m³   R1 034 848 

No F-20 No Acetone storage tank 50 m³ ambient At     SS; 10 mm thickness R19 485/m³   R1 034 848 
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Decanters and centrifuges 
Flow sheet letter designation and 

item identification Product description/facility/equipment 

Dimensions/flow rate/capacity/specification 

Conditions 

Model/Fittings Unit cost Useful data/comments 
Installed price 
(Rand ZAR) HACA ECA SCA Process route identification Temperature Pressure Density Power 

Code H                       R23 754 600 

  Code H                     R18 663 600 

    Code H                   R7,128 m 

HC-00 No No Animal fats/water centrifuge 5,8 m³/h       15 kW Model RSE 60-01-576 R2,97 m Shipping volume 4,5 m³; gross wt 1 420 kg R3,564 m 

HC-01 HC-01 No Gums/oil centrifuge 5,8 m³/h       15 kW Model RSE 60-01-576 R2,97 m Shipping volume 4,5 m³; gross wt 1 420 kg R3,564 m 

HD-01 HC-02   Gums/water centrifuge 200 kg/h; gums 125 kg/h.         Power rule estimate R703 000   R843 600 

HC-02 No No Soapstock centrifuge 5,8 m³/h       15 kW Model RSE 60-01-576 R2,97 m Shipping volume 4,5 m³; gross wt 1420 kg R3,564 m 

HD-02 HD-01 HD-01 FAME/glycerol/water centrifuge 5,8 m³/h       15 kW Model RSE 60-01-576 R2,97 m Shipping volume 4,5 m³; gross wt 1420 kg R3,564 m 

HD-03 HD-02 HD-02 FAME/glycerol/water centrifuge 5,8 m³/h       15 kW Model RSE 60-01-576 R2,97 m Shipping volume 4,5 m³; gross wt 1420 kg R3,564 m 

HD-04 No No Oil phase/glycerol phase decanter 5,8 m³/h       15 kW Model RSE 60-01-576 R2,97 m Shipping volume 4,5 m³; gross wt 1420 kg R3,564 m 

HD-5 No No Glycerol/water centrifuge 800 kg/h;alternative to distillation         Power rule estimate R1,272 m   R1,527 m 

No HD-03 No FAME/glycerol/water centrifuge 5,8 m³/h       15 kW Model RSE 60-01-576 R2,97 m Shipping volume 4,5 m³; gross wt 1 420 kg R3,564 m 

No HD-04 No FAME/glycerol/water centrifuge 5,8 m³/h       15 kW Model RSE 60-01-576 R2,97 m Shipping volume 4,5 m³; gross wt 1 420 kg R3,564 m 

 
Flow splitters and back pressure regulators 

Flow sheet letter designation and 
item identification Product description/facility/equipment 

Dimensions/flow rate/capacity/specification 

Conditions 

Model/Fittings Unit cost Useful data/comments 
Installed price 
(Rand ZAR) HACA ECA SCA Process route identification Temperature Pressure Density Power 

FSP-01 No FSP-01 Methanol flow splitter 1 000 kg/h, ss 316L 25 ºC  5 bar  0,79   -   R12 000  Pipe sizes 25/50 mm, SS  R25 000  

FSP-02 No No Methanol+catalyst flow splitter 1 000 kg/h  25 º 5 bar  0,79   -    R12 000 Pipe sizes 25/50 mm   R25 000 

No No FSP-02 Hexane flow splitter    25 º 5 bar  0,66   -   R12 000  Pipe sizes 25/50 mm   R25 000 

                          

      -     - Code BR Regulators for SCA process                   

No No BR-01 First reactor product pressure regulator 
10 000 kg/h; pipe diameter 50 mm;  
velocity  = 1,64 m/s  300 ºC  100 barg 0,85    

 S & S DN 25 control 
valve 8021/24/26  R60 000 

Outlet pressure 15 – 0,5 bar ; valve size 25 
mm; diaphragm actuator, digital R150 000  

No No BR-02 
Second reactor product pressure 
regulator 10 000 kg/h; Pipe diameter 50 mm 300 ºc   100 barg  0,85    S & S Dn 25  R60 000  If valve size 15 mm, flow 1,64 m/sI  R150 000 
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Filters 
Flow sheet letter designation and 

item identification Product description/facility/equipment 

Dimensions/flow rate/capacity/specification 

Conditions 

Model/Fittings Unit cost Useful data/comments 
Installed price 
(Rand ZAR) HACA ECA SCA Process route identification Temperature Pressure Density Power 

CA-1 Yes Yes  In line self cleaning filter Capacity 10 m³/h;600 micron screen  90 ºC   2bar 0,9     Russell  Finex  251 ₤8187.50  
 Size 50 mm pipes, in self  supporting 
frame R196 500  
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11.2.5.3 Sheet 3  Heat Exchangers; inline and stirred mixers; reactors 

Flow sheet letter designation and 
item identification Product description/facility/equipment 

Dimensions/flow rate/capacity/specification 

Conditions 

Model/Fittings Unit cost Useful data/comments 
Installed price 
(Rand ZAR) HACA ECA SCA Process route identification Temperature Pressure 

Density/
S.G. Power 

Code E     HACA process heat exchangers                  R417 300 

  Code E   ECA process heat exchangers                  R582 300 

    Code E SCA process heat exchangers                  R65 900 000 

E-01 E-01 E-01 Crude oil instream heat exchanger 5 000 kg/h; area 1,2 m² 20-70 ºC 1,2 bar   0,9   VT 04 HC MST  R10 102   SS 316 39 Plate heat exchanger R30 300  

E-02 E-02 No Refined oil vacuum tank 4 740 kg.h; area 1,2 m² 70-90 ºC  1,2  bar  0,9    VT 04 HC MST  R10 000  SS 316 Plate heat exchanger  R30 000 

E-03 No No Biodiesel wash column 4 804 kg/h 20-70 ºC  0,5 bar  0,9    -  R15 000  SS 316  R45 000 

E-04 No No Bioidiesel vacuum drier 4 680 kg/h 60-95 ºC  0,5 bar  0,88    -  R20 000  Note temperature and vacuum R60 000  

E-05 No No Soft water heater 920 kg/h 20-70 ºC  5 bar  1,0    -  R36 000  SS316  R108 000 

E-06 E-09 No Glycerol/water stripper feed heater 2 124 kg/h 20-65 ºC  5 bar 1,05     -  R36 000  SS 316  R108 000 

E-07 No No Methanol condensor (Distillation package) Methanol flow 916 kg/h;  65  ºC  atm   0,79    -  -  -  - 

E-08 No No Methanol reboiler (Distillation package) Water flow rate 670 kg/h  95 ºC  atm   1,0   -   -  - -  

E-09 No No Glycerol/water condensor (if Dist. package) Water flow rate 228 kg/h  100 ºC  atm   1,0    -  -  -  - 

E-10 No  No Glycerol/water reboiler (if Dist. package) Glycerol flow rate 483 kg/h   <200 ºC  atm  1,2    -  -  -  - 

E-11 No No Vacuum water/methanol vapour cooler  5 kg/h  110-20 ºC  0,2 bar  1,00    -  R12 000  Condenser duty  R36 000 

No E-03 No Reactor 1 circulating water heater  1 000 kg/h 20-50 ºC  5 bar  1,00    -  R36 000    R108 000 

No E-04 No Reactor 2 circulating water heater  1 000 kg/h 20-50 ºC  5 bar  1,00    - R36 000     R108 000 

No E-05 No Reactor 3 circulating water heater  1 000 kg/h 20-50 ºC  5 bar  1,00    - R36 000     R108 000 

No E-06 No Reactor 4 circulating water heater  1 000 kg/h 20-50 ºC 5 bar   1,00    -  R36 000    R108 000 

No E-07 No Flash drum feed heat exchanger  5 500 kg/h 40-70 ºC   1 bar  0,90   VT 04 HC MST   R10 000  SS 316  R30 000 

No E-08 No Acetone return flash drum heater  500 kg/h  40-65 ºC  1 bar  0,80    -  R10 000    R30 000 

No E-10 No Methanol/water flash drum heater  4 685 kg/h  20-70 ºC  1 bar 0,90     VT 04 HC MST  R9 848 SS 316 37 plate heat exchanger   R30 000 

No No E-02 Methanol reactor feed heater  4 000 kg/h  20-40  º  1,2 bar  0,79    - R10 000    -  R30 000 

No No E-03 Methanol/hexane mixer feed heater  4 500 kg/h  20-40 ºC  1,2 bar  0,70    -  R10 000  -  R30 000 

No No E-04 Reactor 1 main feed heat exchanger  11 000 kg/h  40-280 ºC  100 bar  0,9    GEA R11,96m  Shell  SS; tubes cladded C.S.   R14 400 000 

No No E-05 Reactor 1 pre-heater  11 000 kg/h  200-300 ºC  100 bar  0,9    GEA R15,1m   Shell c.s.; cladded carbon steel  R18 100 000 

No No E-06 Reactor 1 distillation product cooler  5 000 kg/h  170-20 ºC 1,2 bar   0,9    - R36 000   - R108 000  

No No E-07 Reactor 2 mixer feed heat exchanger  5 000 kg/h  20-40 ºC  1,2 bar 0,9     -  R10 000  -  R30 000 

No No E-08 Reactor 2 main feed heat exchanger  10 000 kg/h  40-280 ºC  100 bar 0,9     GEA R11,96m  Installation factor 1,2   R14 400 000 
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No No E-09 Reactor 2 pre-heater  10 000 kg/h  200-300 ºC  100 bar  0,9    GEA  R15,1m  Installation factor 1,2  R18 100 000 

No No E-10 Reactor 2 distillation product cooler  5 000 kg/h  170-20 º 1,2 bar   0,9    -  R36 000  - R108 000  

No No E-11 Biodiesel distillation feed heat exchanger  5 000 kg/h  20-200 ºC  1,2 bar  0,9    -  R172 500  - R520 000  

No No E-12 Hexane flash drum feed heat exchanger  1 000 kg/h  20-70 º 1,2 bar   1,10    -  R15 000  -  R45 000 
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In line and stirred mixers 
Flow sheet letter designation and 

item identification Product description/facility/equipment 

Dimensions/flow 
rate/capacity/specification 

Conditions 

Model/Fittings Unit cost Useful data/comments 
Installed price 
(Rand ZAR) HACA ECA SCA Process route identification Temperature Pressure Density Power 

Code M     HACA process route mixers                 R575 060  

  Code M   ECA process route mixers                  R441420 

    Code M SCA process route mixers                  R228 900 

M-01 No No Soft water/NaOH mixer 1 000 kg/h; ss tank with impellor  Ambient >atm  1,0  5,5 kW  
Stallion with 5:1 
gearbox   R88 000  IP 55 4 polemotor; installation factor 2,8 R246 400  

M-02 No No Methanol/NaOH mixer 1 000 kg/h; N2 blanketed ss tank  Ambient  >atm  1,0  5,5 kW Stalliion   R88 000  5:1 reduction gearbox  R246 400 

M-03 M-01 No Oil/phosphoric acid/water  mixer 5 100 kg/h; inline 750 mm diameter  25-40 ºC  5 bar  1,0  - Stratiflo 200   ₤1605 6 elementss; 2 inch; 2 injector points, weight 5 kg   R38 520 

No M-02 M-02 Reactor 1 feed mixer 10 000 kg/h; inline mixer with heater 25-50 ºC   5 bar  0,9  -  Stratiflo 200  ₤4075  12 elements, 3 inch jacket, weight 12 kg  R97 800 

No M-03 M-03 Reactor 2 feed mixer 10 000 kg/h; Inline mixer with jacket 25-50 ºC   5 bar 0,9   -  Stratiflo 200  ₤4075 12 elements, 3 inch /inlet/outlet, 12 kg  R97 800  

No M-04 No Reactor 3 feed mixer 7 000 kg/h; 950 mm inline mixer   25-50 ºC  5 bar  0,9  -  Stratiflo 200 ₤3175   12 elements, 2 inch inlet , jacket R76 200  

No M-05 No Reactor 4 feed mixer 7 000 kg/h; 950 mm inline mixer  25-50 ºC  5 bar 0,9   -  Stratiflo 200  ₤3175  12 elements, 2 inch, jacket  R76 200 

No M-06 M-01 Hexane/methanol in line mixer 4 000 kg/h; ss 675 mm inline mixer  40 ºC  5 bar 0,71   -  Stratiflo 200 ₤1387.50   12 elements, 1 inch injection, weight 4 kg R33 300  

 M-04  FFA neutraliser 5 500 kg/h 825 mm inline mixer 40 ºC 5 bar 0.9 - Stratiflo 200 ₤1822.50 6 elements, 3 injection points R43 740 

                       

Reactors 
Flow sheet letter designation and 

item identification Product description/facility/equipment 

Dimensions/flow rate/capacity/specification 

Conditions 

Model/Fittings Unit cost Useful data/comments 
Installed price 
(Rand ZAR) HACA ECA SCA Process route identification Temperature Pressure Density Power 

Code R     HACA process route reactors                 R2 248 000  

  Code R   ECA process route reactors                 R14 464 000  

    Code R SCA process route reactors                  R20 760 000 

R-01 No No CSTR; D=1,5 m, L=4,65 m; V=8,21 m³ 5 800 kg/h; residence time=1h; 60 ºC >at. 0,9  5,5 kW    R563 629  Transesterification R1 128 000  

R-02 No No CSTR; D=1,5 m; L=4,5 m; V=7,95 m³ 5 068 kg/h; residence time=1h; stir 600 rpm 60 ºC >at. 0,9  5,5 kW     R559 597 Transesterification  RR1 120 000 

No No 
R-01/2 
(a) CSTR; v=10 m³ 9 800 kg/h; resience time=10 minutes 300 ºC 8 Mpa  0,9 20 kW   Biazzi  R22 125m Biazzi CSTR (Allow 1,2 for installation)  (not added) 

No R-01 No Fixed bed packed column reactor 6 000 kg/h; residence time=10h 45 ºC >at. 0,85       R1 808m V=129 m³; immobilised enzyme;screen  R3 616 000 

No R-02 No Fixed bed packed column reactor 6 000 kg/h; residence time=10h 45 ºC >at.  0,85     R1 808m  V=129 m³; immobilised enzyme;screen  R3 616 000 

No R-03 No Fixed bed packed column reactor 6 000 kg/h; residence time=10h 45 ºC >at.  0,85      R1 808m V=129 m³; immobilised enzyme;screen  R3 616 000 

No R-04 No Fixed bed packed column reactor 6 000 kg/h; residence time=10h 45 ºC >at.  0,85     R1 808m  V=129 m³; immobilised enzyme;screen  R3 616 000 

No No R-01 Tubular plug flow type reactor 9 800 kg/h residence time=10 minutes 300 ºC 8 MPa  0,85   GEA  R8,65m   Steam shell  side; cladded carbon steel; factor 1,2 R10 380 000  

No No R-02 Tubular plug flow type reactor 9 800 kg/h; resience time=10 minutes 300 ºC 8 MPa  0,85   GEA   R8,65m Steam shell side; cladded carbon steel ; factor 1,2  R10 380 000 
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11.2.5.4 Balance of plant – items not included in detailed MTO/list from gas turbine OSBL facilities; distillation-, wash columns; strippers; driers   
Flow sheet letter designation and 

item identification Product description/facility/equipment 

Dimensions/flow rate/capacity/specification 

Conditions 

Model/Fittings Unit cost Useful data/comments 
Installed price 
(Rand ZAR) HACA ECA SCA Process route identification Temperature Pressure Density Power 

HACA ECA SCA Process route identification                   

Code A     Balance of plant HACA equipment                    

  Code A   Balance of plant ECA equipment                   

    Code A Balance of plant SCA equipment                   

A-01 A-01 A-01 Soft water package plant 8 300 kg/h, boiler feed included Ambient   Atm. 1,00   - Ecotech H  R50 000  Installation cost included in piping/services  R50 000  

A-02 A-02 A-02 Superheated steam package boiler 10,3 tph;  15 bar         Ferrolli    R2,5 m Vaporex 3G model 9000  R2 500 000  

A-03 A-03      - Water vapour collector 5 kg/h                 

A-04 A-04 A-04 Vacuum system 300 kg/h   5mm Hg             

A-05 A-05 A-05 Instrument Air Compressor 50 - 100 Nm³/h                 

A-06 A-06 A-06 Fire water system 25 l/m² of plant surface/minute                 

A-07 A-07 A-07 Fire extinguisher foam system Surface area of process building                 

A-08 A-08 A-08 Nitrogen blanket system 5 Nm³/h, 99% N2   5-6 barg             

A-09 A-09 A-09 Electrical equipment From power schedule                 

A-10 A-10 A-10 Instumentation As per instrumentation specification                 

A-11 A-11 A-11 Cooling water package plant 125 m³/h; 2,4 mx 2,4 m x 4,2 m high 28 – 38 ºC  Atm.   1,00   ICT 2400  R95 000   Heat load 1 450 kW; Wet bulb  20 ºC R95 000  

A-12 A-12 Yes Vegetable oil processing plant                   

A-13 A-13 No Esterification package                   

A-14 A-14 A-14 Weighbridge and loading plant                   

No A-15 No 
Enzyme handling and storage 
package             R360 000     R360 000 
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Distillation columns and flash drums 
Flow sheet letter designation and 

item identification Product description/facility/equipment 

Dimensions/flow rate/capacity/specification 

Conditions 

Model/Fittings Unit cost Useful data/comments 
Installed price 
(Rand ZAR) HACA ECA SCA Process route identification Temperature Pressure 

Density/s
S.G. Power 

Code D     HACA process route                  R2 565 000 

  Code D   ECA process route                  R10 150 000 

    Code D SCA process route                  R15757 000 

D-01     -      - Methanol distillation Feed 2 100 kg/h, distillate 666 kg/h  65-80 ºC 150 kPa   ~1  2 kW   R623 715   13 stages, 0,42 m diameter, length 7,7 m  R1 248 000 

D-02     - D-04 Glycerol water distillation 1 400kg/h 100-120 ºC   150 kPa 1,09   2 kW    R658 596  12 stages, 0,5 m diameter, length 7,3 m  R1 317 000 

    - D-01      - Methanol/water flash drum 500 kg/h; 1,2 m diameter x 2,5 m   70 ºC  1,2 bar 0,95   -    R144 000  -  R288 000 

    - D-02      - Hexane flash drum  4 500 kg/h feed, 500 kg/h hexane  70 ºC  1,2 bar  0,8  -    R737 030  -  R1 474 000 

    - D-03 D-03 Biodiesel distillation Feed 4 700 kg/h; tops 4 600 kg/h; vacuum 170-340  0,2 bar   0,9  11,5 kW    R4 006 m 
6 stages, 2,12 m diameter, length 6,1 m, condenser 
duty 2 000 kW, reboiler 2 200 kW  R8 100 000  

No No D-01 Methanol/hexane/FAME 1st reactor Feed 9 830 kg/h; tops 4 165 kg/h 65-80 ºC  1 bar  0,7   3 kW   R 2136 m   13 stages, diameter 1,1 m, length 7,7 m R4 272 000  

No No D-02 Methanol/hexane/FAME 2nd reactor Feed 7 300 kg/h; tops 2 300 kg/h 65-80 ºC   1 bar 0,7   3 kW    R889 078  13 stages, diameter 1,1 m,length 7,7 m  R1 780 000 

    D-05 
Hexane/methanol/water/glycerol flash 
drum 1,3 m³/h, diameter, diameter 2m,length 2,5m  300 ºC   10 MPa 0,7   -  3 x 50 mm  R144 000 3 nozzles   R288 000 

No D-04 No Acetone flash drum 
Diameter 1,2 m, length 2,5 m, also for 
hexane   70 ºC  0,1 MPA 0,79   -  3 x 50 mm  R144 000 3 nozzles   R288 000 

 
Strippers and wash columns 

Flow sheet letter designation and 
item identification Product description/facility/equipment 

Dimensions/flow rate/capacity/specification 

Conditions 

Model/Fittings Unit cost Useful data/comments 
Installed price 
(Rand ZAR) HACA ECA SCA Process route identification Temperature Pressure Density Power 

H-01 H-01 No Biodiesel wash column Packed tower, D=1 m; L=4 m 70 º   1,2 bar  0,9      R391 356  - R784 000  

H-02 H-02 No Alcohol/glycerol stripper Packed tower, D=1 m; L=4 m  90 º  < 1 bar   7,5 kW    R571 566  Note vacuum pump   R1 144 000 

 
Vacuum driers 

Flow sheet letter designation and 
item identification Product description/facility/equipment 

Dimensions/flow rate/capacity/specification 

Conditions 

Model/Fittings Unit cost Useful data/comments 
Installed price 
(Rand ZAR) HACA ECA SCA Process route identification Temperature Pressure Density Power 

V-01 No No Refined oil vacuum drier Dished end tower, D=1 m; L=4 m  85 ºC  <1 bar  0,9  7,5 kW    R459 683  - R920 000  

V-02 No No Biodiesel vacuum drier Dished end tower, D=1 m; L=4 m  170 ºC  < 1 bar  0,88  7,5 kW    R459 683  -  R920 000 
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11.3 APPENDIX C 

 

11.3.1 Acyl glycerol containing feed stocks 

 
In this appendix some of the acyl glycerol containing feed stocks from the 350 oil bearing 
crops and other sources of lipids are listed as these were encountered in researching and 
reading on the topic on which this dissertation was based. 
 
Name.  Botanical name.   References and comments. % oil. 
 
Pumpkin   Cucurbita pepo L  Schinas, 2009; oil 45% 
Duck tallow  ------    Chung, 2009: Oleic acid 72% 
Cotton oil  Gossypium hirsat  Carioca, 2009; 0.1-0.2 t/ha 
Cotton                          Gossypium hirsutum             Klass, 1998; oil 370 l/ha. 
Cotton oil soapstock -------    Keskin, 2008; 83.5% FFA 
Castor oil   Ricinus communis  Ogunniyi, 2006; oil 46-55% 
Chicken fat  --------    Babcock, 2006; 1-3% FFA 
Waste water sludge --------    Mondala, 2009; Municipal. 
Jatropha  Jatropha curcas L  Sharma, 2008; Tiwari, 2007 
Jojoba                        Simmondsia chinensis L         Canoira, 2006 
Tobacco seed             Nicotiano tabacum  L   Veljkovic, 2006; > 17% FFA,            
                                                                                  Panoutsou, 2008; oil 34-41%. 
Tomato seed                                                             Panoutsou, 2008; 32-37 % oil. 
Sunflower  Helianthus annuus  Demirbas, 2008; 38-48% oil 
Safflower 
Peanut oil   Orachis hypogaeae  Carioca, 2009; 40-43% oil 
Rape    Brassica campestris  Carioca, 2009; 0.5-0.9 t/ha 
Winter rape  Brassica napus  Bernesson, 2004; 45% oil 
Canola             Brassica napus  Sharma, 2008. 
Ethopian mustard Brassica carinataBraun Cardone, 2003; 33% oil 
Mutton (tallow)  --------    Bhatti, 2008. 
Waste veg. oil  
Tallow 
Meat & bone meal -----------   Haas, 2007 
Tall oil   ---------                Kurzin, 2007 
Palm    Elaeis guineensis   
Soya   Glycine max    
False wild flax             Camelina sativa L  Moser, 2008; 30.5% oil 
Pennycress  Thlaspi arvense L  Moser, 2008 
Moringa  Moringa oleifera  Moser, Rashid, 2008 
Milkweed  Aselepias    Holzer 
Rubber  Hevea brasilliensis  Singh, 2010; Klass, 1998 
Polanga   Calophyllum inophyllum Sharma, 2008 
Mahua              Madhuca indica            Sharma, 2008 
Milletia pinnata  ----------   40-50% oil 
Pongamia                   Pongamia pinnata                  Karmee, 2005;30-40% oil. 
Coconut  Cocus nucifera  55-60 fruit 
Babasso npalm  Orbini guineensis  Carioca, 2009 
Pine tree oil               -                                                Ogren, 2009 (Biofuels Int 11/7)  
Meadowfoam              Limnanthes alba Benth.         Sungrant Bioweb, 2007; 20-30%  
Lesquerella                 Lesquerella spp. (L.fendleri)        “            “             “   ; 25-35% 
Vernonia                     Vernonia galamensis                   “            “             “   ; 30-42% 
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Chinese tallow tree Sapium sebiferum                        Klass, 1998; oil 6270 l/ha 
Crambe                   Crambe abssinicia                            “             ; oil 940 l/ha 
Corn (maize)           Zea mays                                          “             ; oil650 l/ha 
Flax                         Linum usitatissimum                         “             ; oil 840 l/ha 
Safflower                 Carthamus tinctorius                         “             ; oil 940 l/ha 
Stokes aster           Stokesia laevis                             Sungrant Bioweb, 2007; 27-44% 
Euphorbia               Euphorbia lasgascae                         “              “               ; 45-50% 
                                                                                     (60-65% vernolic acid, Spain) 
Cuphea                   Cuphea viscosisima                      Sungrant Bioweb, 2007; 25% 
Avocado pear          Persea gratissima(Lauracae)       Cyperlipid, 2008 
Black-currant          Ribes nigrum                                         “ 
Cacao                     Theobroma cacao(Sterculiacae)          “                  ; 50-60% fat 
Candlenut tree        Aleurites moluccana(Euphorbiacae)    “                  ; Kukui oil 
Evening primrose    Oenothera biennis(Onagracea)           “ 
 
List of crops with potential to produce biodiesel in South Africa as described in  WRC Report 
1772/1/09 to the Water Research Commission by the School of Bioresources Engineering 
and Environmental Hydrology, University of KwaZulu-Natal. [Jewitt,2009] 
 
 ---------------------------------------------------------------------------------------------------------------- 
Common name                                                Botanical name 
-----------------------------------------------------------------------------------------------------------------  
 
Canola / Rapeseed                                          Brassica napus L 
African oil palm                                                Elaeis guineensis 
Jatropha                                                           Jatropha curcas 
Diesel tree                                                       Copaifera langsdorfii 
Ben-oil tree                                                      Moringa oleifera Lam 
Pongam tree                                                    Pongamia pinnata L. 
Camelina                                                         Camelina sativa L Crantz 
Chinese tallow tree                                         Sapium sebiferum L.Roxb. 
Tung-oil tree                                                    Aleurites fordii Hemsl. 
Flax                                                                 Linum usitatissimum 
Jojoba                                                             Simmondsia chinensis 
Maize                                                              Zea mais L. 
Sunflower                                                       Helianthus annuus L. 
Groundnut                                                      Arachis hypogaea 
Soya bean                                                     Glycine maximum                                                                 
 
Some Triglyceride and Hydrocarbon-Producing Biomass Species Potentially Suitable for 
North America. [Klass, 1998 (p348)] 
 

Family                                          Genus and species                 Common name 

 
Aceraceae                          Acer saccharinum               Silver maple 
Anacardiaceae                   Rhus glabra                         Smooth sumac 
Asclepiadiaceae                Asclepias incarnate              Swamp milkweed 
                                                                   sublata         Desert milkweed 
                                                                   syriaca         Common milkweed 
                                          Cryptostegia grandiflora       Madagascar rubber vine 
Buxaceae                          Simmondsia chinensis          Jojoba 
Caprifoliaceae                   Lonicera tartarica                   Red tarterium honeysuckle 
                                          Sambucus canadensis          Common elder 
                                          Symphoricarpos orbiculatus  Corral berry 

Stellenbosch University http://scholar.sun.ac.za



443 
 

Companulaceae               Companula americana            Tall bellflower 
Compositae                      Ambrosia trifida                       Giant ragweed 
                                         Cacalia atriplicifolia                  Pale Indian plantain 
                                         Carthamus tinctorius               Safflower 
                                         Chrysathammus nauseosus Rabbitbrush 
                                         Circsium discolour                 Field thistle 
                                         Eupathorium altissimmum    Tall boneset 
                                         Grindelia aphanactis             Sunflower 
                                                         camporum             Sunflower 
                                                         squarrosa              Sunflower 
                                         Helianthus annuus                Sunflower 
                                         Partenium argentatum          Guayule 
                                         Silphium integrifolium           Rosin weed 
                                                        laciniatum             Compass plant 
                                                        terbinthinaceum   Priarie dock 
                                         Solidago graminifolia          Grass-leaved goldenrod 
                                                        leavenworthii        Edison’s goldenrod 
                                                        rigida                    Stiff goldenrod 
                                         Sanchus arvensis               Sow thistle 
                                         Vernonia fasciculate           Ironweed 
Cruciferae                         Brassica alba                      White mustard 
                                                         napus                  Rapeseed 
                                                         nigra                    Black mustard 
Curcurbitaceae                Cucurbita foetidissima         Buffalo gourd 
Euphorbiaceae                Euphorbia denta 
                                                         lathyris                Mole plant, gopher plant 
                                                         ulcherima            Poinsettia 
                                                         tirucalli                African milk bush 
                                         Ricinus communis              Castor 
Gramineae                       Agropyron repens               Quack grass 
                                         Elymus canadensis            Wild rye 
                                         Phalaris canariensis           Canary grass 
                                         Zea mays                           Corn 
Labiatae                           Pycnanthemum incanum   Western mountain mint 
                                         Teucrium canadensis        American germander 
Lauraceae                        Sassafras albidium            Sassafras 
Leguminosae                   Arachis hypogaea              Peanut 
                                         Copaifera langsdorfii         Copaiba 
                                                          multijuga 
                                         Glycine max                      Soybean 
Linaceae                          Linum usitatissimum          Linseed 
Malvaceae                       Gossypium hirsutum          Cotton 
Papaveraceae                 Papaver somniferum          Poppy 
Pedaliaceae                    Sesamum indicum              Sesame 
Rhamnaceae                  Ceanothus americanus       New Jersey tea 
Rosaceae                       Prunus americanus             Wild plum 
Phytolaccaceae              Phytolaceae americana       Pokeweed 
 
Australian study on seed oil species. [Ashwath, 2010] 
 
In the assessment for oil content for more than 200 species/provenances in the RIRDC 
study, the species were grouped in 5 classes; herbaceous species, palm-like species, 
palms, shrubs and trees with the bars shown in the presentation in different colours – green 
>20% oil; yellow 10-20% oil; pink <10% oil. 
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Figure 11.2  Seed oil content of herbaceous species from Ashwath study 

   
 
Figure 11.3  Seed/kernel oil content of palm-like species from Ashwath study 
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Figure 11.4  Seed/kernel oil content of palms found in Australia from Ashwath study 
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Figure 11.5  Seed/kernel oil content of Australian shrubs from Ashwath study 
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Figure 11.6  Seed/kernel oil content of Australian trees from Ashwath study 
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Figure 11.7  Seed/kernel oil content of Australian trees from Ashwath study 
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11.3.2 Feed stocks production statistics 

 
World prices for oil seeds (average Oct-Sep yearly for the period 1998-2007 and then 
monthly for 15 months to December 2010) It is important to note the point of price 
computation as stated in the legend below the table. 
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World protein meal prices for the periods 1998-2007/08 and the fifteen months to December 
2010 
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World vegetable oil prices from 1998 to December 2010, showing average annual prices 
except for the last fifteen months (computed monthly) 
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11.3.3 Summary of information from feasibility studies available in the literature 

 
 

11.3.3.1 Cost and return scenario for a 60 000 tonnes biodiesel plant 2003 [Bozbaz, 2008]  

 
Income                                                                                    Million Euros (€1=$1. 17) 
 
   60 000 tonnes biodiesel @ €617/ tonne                              37.03 
    7 500 tonnes 80% glycerol @ €500/tonne                           3.75 
  Undetermined amount of FFA not priced 
                                                        Total income                   40.78 
Expenses 
   60 900 tonnes of vegetable oil @ €520/tonne                     31.67 
    6 000 tonnes of methanol @ €265/tonne                             1.59 
   Undetermined amount of NaOH, HCl included in  
   variable costs                                                                        4.70 
   €30 million capital cost amortised over 10 years added  
    to other fixed costs and assumed equal to variable cost     4.70 
                                                        Total cost                       42.66 
 

11.3.3.2 Estimated investment- and operating costs for a 37 854 118 litre/year biodiesel 
facility in Mexico using palm oil [Lozada, 2010]  

 
Investment costs                             $12.112 million (from Haas, 2007) 
                                                                                               Unit cost/litre of biodiesel 
Annual operating costs                   $ 13.974 million                          0.369 
  - Raw materials                             $ 12.907 million                          0.340 
        -Methanol              $0.27/kg 
        -Sodium metoxide $0.95/kg 
        -Hydrochloric acid $0.12/kg 
        -Sodium hydroxide $0.50/kg 
        -Palm oil                 $0.289/l 
        - Water at Mexico industrial tariff 
        -Natural gas Henry Hub price 
        -Electricity at CFE price in southern Mexico above 100kW 
        -Glycerol credit at $0.33/kg for 80% purity 
 
 - Services                                       $ 0.542 million                           0.014 
 -Operation and Maintenance         $ 0.230 million                           0.006 
 - Supplies                                       $ 0.163 million                           0.004 
 - Administration costs                     $ 0.132 million                           0.003 
 -Depreciation                                  $ 1.206 million                           0.032 
 - Co-production of glycerol             $ 1.207 million                           (0.031) 
 
To the above a distribution cost of $ 15/m³ is allowed in addition to VAT at 15%. 
 

11.3.3.3 Comparative capital costs for capacity range 50-67 000 tonnes/year from 
technology supply companies for Croatia (2006 figures)  

 
Company            Main parameters                                   Cost estimate/annual tonnes  
                                                                                                         (Euros - €) 
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Axens                 Refined oils, <1% water.                                       173 - 185                     
                          
 
Ballestra            Seed oils, <0.05% water, <0.5% FFA                    173 – 196 
 
BDI                    10% FFA                                                                219 – 254 
Biodiesel         Modules, high FFA                                                   196 – 254 
Industries 
 
Cimbria-Sket/ 
Bratnev          0.1% FFA, <0.05% water                                           231 – 277 
 
Connemann   Refined oils                                                                231 – 277 
 
Renewable  
Energy Group Refined oils, <0.3%FFA, 0.007% water                    231 – 254 
 
EKoil               Refined oils, 0.1%FFA, 0.2% water                          196 – 208 
 
Energea          4-12%FFA, <0.5% water                                          185 – 231 
 
Lurgi PSI         Any level of FFA                                                       231 – 265 
 
 

11.3.3.4 Estimated production cost for biodiesel by region and feed stock for Brazil in 2006 
[Pousa, 2007, quoting Barros, 2006]  

 
In the figure below biodiesel production costs for the different regions in Brazil are given. For 
the different raw materials the estimates include the raw material (oil seed) production cost 
and the biodiesel conversion costs.  
 
Insert table from Barros. 
 
Raw material                                                   2006 cost in US $/litre. 
 
Soybean oil                                                     0.435 – 0.881 
Sunflower oil                                                   0.510 – 0.813 
Cottonseed oil                                                 0.351 – 0.481 
Castor oil                                                         0.782 – 0.794 
Palm oil                                                            0.607 
 
 

11.3.3.5 Biodiesel plant in Erie, Pennsylvania, 2007  

 
For the Lake Erie biofuel plant located at the formerHammermill Paper Plant in Erie, 
Pennsylvania, the multi-feed stock biodiesel plant was commissioned in 2007, with an 
estimated cost of $54 million for a capacity of 45MMG/Y. The plant employs 40 people and 
from a photograph studied has four large tanks and 5 smaller tanks in the tank farm, with 3 
more tanks of the same size in the process building together with 5 smaller tanks. [Armitage, 
2008] Using a power factor of 0.6, the cost is estimated at R252 million for a 5 000kg/hr 
facility. 
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11.3.3.6 Study on process design and economic feasibilities using supercritical transes-
terification at three different capacities. [Nisworo, 2005]  

 
In a study done at the University of Eindhoven process flow sheets for waste vegetable oil 
were developed using Aspen Plus® version 11.1.1 and the Aspen Icarus Process Evaluator 
for costs in the United States (U.S.) and the Netherlands at three different capacities. For the 
U.S. the follwing table shows the cost summaries: 
 
 
Plant capacity                       125,000                      80,000                    8,000 
(tonnes/year) 
 ---------------------------------------------------------------------------------------------------------------- 
Cost component ($) 
Fixed capital                         10,395,058                  7,935,072                1,997,721 
Working capital                       1,661,348                 1,513,014                    313,729 
Start up cost                           4,948,045                  4,539,042                   941,187 
 
Total capital cost                  17,040,452                14,005,128                 3,252,638 
 
Raw materials                      30,287,743                19,520,050                 1,987,529 
Waste cooking oil                 26,068,993                16,784,050                 1,709,129 
Methanol                                4,218,250                  2,736,000                     278,400 
Start up raw materials                18,809                       11,722                         1,193 
Utilities                                   2,941,106                  2,417,961                     472,301 
Fixed costs                            2,626,024                   2,440,433                  2,321,326 
Glycerol credit                     15,937,500                   6,234,000                  1,017,600 
 
Total operating cost             19,936,182                18,156,168                  3,764,749 
 
In arriving at the fixed capital cost, the equipment cost was increased at a factor of 5 to yield 
the inside battery limit cost (ISBL) and to that 20% was added as outside battery limit costs 
(OSBL). The total plant capital cost comprised fixed capital costs plus working capital and 
start-up costs. In the OSBL costs tank storage, roads and general facilities were considered, 
the issue being that the tank storage and infrastructure can change considerably, depending 
on location. In two other feasibility studies storage tanks were reflected at over 30% and 
over 50% of costs. [Haas, 2006; Apostolakou, 2008] 
 

11.3.3.7 Capital and operating costs for a 37,854,118 l/y (10 MMG/Y) continuous biodiesel 
production plant using degummed soybean oil and two reactors. [Haas, 2006]  

 
Based on 2003 capital costs and Aspen Plus process simulation software, and conceptual 
cost estimates from flow sheets an economic model was developed re- presentative of 
contemporary industry practices. The costs generated are summarised in the following table: 
 
Cost component                                                                   Cost (U.S. $, thousands) 
Capital costs: 
    Storage facilities                                                                1,047 
    Process equipment                                                            2,166 
   Utility equipment                                                                    403 
   Others 
      Installation at 2005 of equipment                                     7,232 
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      Rail siding, miscellaneous                                                  500 
 
Total capital cost                                                                    11,348 
 
Annual production costs 
    Degummed soy oil                                                             17,507 
    Methanol                                                                                966 
    Sodium methoxide                                                                 412 
    Other chemicals and water                                                    135.4 
 
Total raw materials                                                                 19,022 
   Utilities                                                                                      406 
   Labor                                                                                        517 
   Supplies                                                                                   153 
   General works (Admin., tax, insurance)                                   125 
   Depreciation at 10%/year                                                      1,130 
   Co-products credit (glycerol)                                                  1,288 
 
Gross annual operating cost                                                   20,041 
 
 

11.3.3.8 Assessment of four continuous biodiesel production processes at 8 000 tonnes per 
year using HYSYS software. [West, 2008]  

 
Four processes were simulated with a reactor per process, distillation columns, pumps and 
heat exchangers configured for each process route, in all cases using waste vegetable oil 
containing 5% free fatty acids. In the alkali catalysed process, the feed stock was pre-treated 
in an acid-catalysed reaction. In the second process homogenuous acid catalysis was 
cconfigured at a molar ratio of 50: 1 methanol to oil. The third process used tin (II) oxide as a 
heterogeneous acid catalyst in a multiphase reactor. In the fourth process a continuously 
stirred tank reactor (CSTR) was used at 350 ºC and 20MPa (supercritical conditions) with a 
molar ratio of 42:1 methanol to oil. Estimated capital and operating costs are presented in 
the following table: 
 
Process                Pre-treated alkali    Acid-catalysed    Heterogeneous   Supercritical 
                             catalysed                                            acid-catalysed 

 
Cost component 
($ millions) 
Capital cost         1.018                       1.17                     0.37                     1.26 
 -Reactors           0.406                       0.716                   0.075                   0.639 
 -Columns           0.598                       0.228                   0.123                   0.313 
 -Other                 0.014                      0.089                   0.165                   0.308 
18% cont. fee      0.183                       0.22                     0.07                     0.23 
30% auxiliary 
facility cost          0.305                       0.35                     0.11                     0.38 
Fixed cap. cost  1.506                        1.74                      0.55                     1.87 
15% working 
capital                 0.23                         0.26                    0.08                     0.28 
Total capital 
Investment         1.736                        2.00                   0.63                      2.15 
 
Annual production costs: 
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 -Oil feed stock  1.66                          1.63                    1.66                     1.66 
 -Methanol         0.18                          0.30                    0.16                     0.17 
 -Catalyst          0.70                           0.10                    0.05                     -- 
 -Utilities + 
  waste dspsl.   0.63                           0.78                    0.41                      0.76 
 -Labour            0.67                           0.67                   0.67                      0.67 
 -M&R, lab        4.19                           3.84                   3.19                       3.61 
 -Indirect mnf.   0.46                           0.47                   0.42                       0.47 
 -Others            0.89                           0.84                   0.69                       0.81 
 -Depreciation   0.14                           0.18                   0.05                      0.19 
Total produc- 
tion cost            5.78                           5.37                   4.45                      5.19 
Glycerol credit   0.58                          0.61                   0.57                       0.60 
Gross annual  
operating cost   5.20                          4.76                   3.88                       4.59 
 
 

11.3.3.9 Assessment of four continuous biodiesel production processes at 8 000 tonnes per 
year using HYSYS software. [Zhang, 2003]  

 
Four different continuous processes were designed and simulated using HYSYS Plant Net 
Version 2.1.3 software. In the two alkali- catalysed processes virgin canola oil and waste 
cooking oil (WCO) were used as feed stocks. For the WCO, acid pre-treatment was 
incorporated. The other two processes were acid-catalysed using WCO, the difference being 
that in the fourth process hexane was used after acid-catalysis to obtain a clear cut 
separation of hexane/biodiesel and the methanol/water phases. The hexanewas used 
instead of water in washing biodiesel to avoid emulsification. [Zhang, 2003] Capital and 
operating costs were calculated from the research reported by Zhang et al and presented in 
the following table, using stainless steel equipment where acids were present: 
 
Process            Alkali catalysed   Ester- transesteri-   Acid-catalysed   Acid-catalysed 
                         virgin canola oil   fication of WCO       WCO                 WCO + hexane 

 
Costs ($ mil)             
Base module               0.81                 1.64                          1.57                   1.99 
 -Reactors                   0.311                0.391                       0.711                 0.702 
 -Columns                    0.397               1.100                       0.601                 1.185 
 -Heat Xchngers          0.004                0.016                       0.012                  0.012 
 -Pumps                      0.045                 0.072                       0.040                 0.049 
 -Other                        0.046                 0.057                       0.073                 0.042 
18% contingency        0.14                   0.29                         0.28                   0.36 
30% aux. fclty cost      0.22                   0.39                         0.36                   0.42 
 
Fixed capital cost        1.17                   2.33                         2.21                   2.77 
15% working capital    0.17                   0.35                         0.33                   0.42 
Total capital  
investment                  1.34                   2.68                          2.55                  3.19 
 
Annual production costs: 
 -Oil feed stock           4.20                   1.68                          1.65                  1.65 
 -Methanol                  0.17                   0.18                          0.31                  0.31 
 -Catalyst/solvent       0.32                   1.41                          0.07                  0.08 
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 -Utlities/waste dspsl 0.128                  0.422                        0.62                  0.64 
 -Labour                     0.67                    1.18                         0.98                   1.06 
 -M&R, supplies, lab  0.37                    0.52                         0.43                   0.50 
 -Indrct manftrg cost  0.46                    0.83                         0.71                   0.79 
 -Others                     1.14                    1.26                         0.94                   1.03 
 -Depreciation 10%    0.12                    0.23                        0.22                    0.28 
Total produc- 
Tion cost                   7.59                     7.76                         5.92                   6.35 
Glycerol credit           0.73                     0.68                         0.77                   0.73 
Gross annual ope- 
rating cost                  6.86                    7.08                         5.15                   5.62 
 
 

11.3.3.10 Technolgy, operating expenses and capital costs for 30MMGY and 60   
MMGY biodiesel plants in the U.S. [Ginder, 2006]  

 
In contrast to other studies reflected in this paragraph, the results presented below are from 
plants in production (circa 2006) at 30 MMG/Y capacity. These results were compiled using 
a Microsoft Excel based model and the performance of a hypothetical 60 MMG/Y plant was 
projected. The 60 MMG/Y plant scenario also showed a lower base investment cost of 
$1.00/ US gallon compared to $1.33/US gallon for the 30 MMG/Y plant [Ginder, 2006] 
 
Capacity                                                    30 MMG/Y plant             60 MMG/Y plant 
Output yields/lb feed stock (lbs)                      
      Biodiesel                                                   0.980                             0.980 
      Glycerol                                                     0.113                             0.113 
      Fatty acids                                                 0.034                             0.034 
      Filter cakes                                                0.041                             0.041 
Input requirements/lb feed stock (lbs) 
      Acids                                                         0.0123                            0.0123 
      Catalysts                                                   0.0314                            0.0314 
      Alcohols                                                    0.1007                            0.1007 
Operating expenses ($/ US gallon 
capacity: 
      Power                                                        0.011 – 0.016                0.011 – 0.016 
      Fuels                                                         0.042 -  0.059                0.042 – 0.059 
     Supply and repairs                                     0.022 – 0.031                0.022 – 0.031 
     Others                                                        0.028 – 0.039                0.028 – 0.039 
     Selling, wages and expenses                    0.049 – 0.068                0.049 – 0.068 
         Salaries                                                  0.02 – 0.028                  0.011 – 0.015 
         Benefits                                                  0.006 – 0.009                0.003 – 0.004 
         Quality control                                        0.003 – 0.004                0.003 – 0.004 
 
Capital costs 
Base investment ($/US gallon)                        1.33                               1.00 
Land                                                                $250,000                       $250,000 
Contingency (%)                                              10                                  10 
Overall project cost ($/US gallon)                    1.47                               1.10 
Interest rate (%)                                               8.75                               8.75 
Equity financing (%)                                         50                                  50 
Useful life (years)                                             7 – 15                            7 – 15 
Tax rate (%)                                                     35                                  35 
Discount rate (%)                                             10 – 20                          10 – 20 
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11.3.3.11 Study on process analysis and optimisation of biodiesel production from 
soybean oil for a 40 MMGY plant [Myint, 2007]  

 
In this study four process flow sheets were developed considering options on the order of 
unit processes as shown in Chapter 6 of the dissertation. Computer aided simulation was 
done using Aspen Plus and capital costs estimates were done using the ICARUS Process 
Evaluator. Operating costs were determined from information available on raw materials, 
utilities and labour. From the different tables presented in the Myint study, the following table 
was compiled [Myint, 2007]: 
 
              Item                                                             Total cost ($) 
 
Capital cost 
     Process equipment                                           481,600 
      - Decanters (3)                                                   38,900 
      - Heat exchangers (8)                                      143,700 
      - Distillation columns                                        222,600 
      - Pumps (7)                                                        19,600 
      - Reactor (1)                                                       56,800 
     Direct costs                                                    1,978,900 
     Purchased equipment                                       498,000 
     Equipment setting                                               17,000 
     Piping                                                                617,000 
     Civil                                                                   108,000 
     Steel                                                                    44,000 
     Instrumentation                                                  862,000 
     Electrical                                                            343,000 
     Insulation                                                           212,000 
     Paint                                                                  363,000 
     G & A overheads                                               116,000 
     Contract fee                                                       305,000 
     Contingencies                                                  1,070,000 
 
Project cost                                                           7,015,000 
 
Annual production costs 
     Soybean oil at $0.28/lb                                   81,364,416 
     Methanol at $0.15/lb                                         9,713,208 
     NaOH at $1.80/lb                                                 134,208 
     HCl at $0.631/lb                                                   509,900 
     Water 
     Operating labour cost                                          340,000 
     Maintenance cost                                                  26,000 
     Electricity                                                               21,000 
     Utilities                                                            16,860,000 
     Glycerol credit                                               -15,987,000 
     Process integration savings                          -10,496,000 
 
Total operating cost /year                                   82,491,000 
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If a salvage value of $701,500 is assumed and a useful life period of 5 years, the annualised 
fixed cost for a 40MMGY facility (127 000 tonnes/year) will be $83,754,000. 
 
 

11.3.3.12 Study on supercritical transesterification using Jatropha oil in the Philippines. 
[Chang, 2010]  

 
In this study a conceptual design was done for a plant to handle the production of 12 000 ha 
of Jatropha with a yield of 730 l/ha peryear. The major design parameters were 20 bar 
pressure, 15 min residence time, methanol to oil molar ratio 42:1, tempe-rature 350 ºC. The 
main items of equipment were a supercritical reactor, distillation columns for the methanol 
separation and biodiesel purification, gravity settler, pumps and heat exchangers. A currency 
conversion factor of 48PhP per U.S. $ was used and the cost of utilities taken from an 
industrial plant in the Philippines at a 2009 base date. Theback pressure regulator was 
located on the reactor outlet. Simulations were done using Aspen Plus version 12.1 and 
Non-Random Two Liquid (NRTL) was chosen to compute thermodynamic and transport 
properties. [Chang, 2010] 
 
                 Item                                                      Factor           Cost (PhP) 
Capital cost: 
1. Major equipment,total purchase cost (PCE)                           40,000,000 
f1 Engineering erection                                         0.4                 16,000,000 
f2 Piping                                                                0.7                 28,000,000 
f3 Instrumentation                                                 0.2                    8,000,000 
f4 Electrical                                                           0.1                    4,000,000 
f5 Building, process                                              0.15                  6,000,000 
f6 Utilities                                                              0.5                  20,000,000 
f7 Storages                                                           0.15                  6,000,000 
f8 Site development                                              0.05                  2,000,000 
f9 Ancilliary buildings                                            0.15                  6,000,000 
 
Total physical plant cost (PPC) 
PPC = PCE (1+f1+·····f9)                                      3.4                136,000,000 
f10 Design and engineering                                 0.3                  40,800,000  
f11 Contractor’s fee                                             0.05                   6,800,000 
f12 Contingency                                                   0.1                   13,600,000 
 
Fixed capital cost (FC = PPC(1+f10+f11+f12)    1.45                 197,200,000 
Working capital at 10% of FC                                                       19,720,000  
 
Annual production cost 
7796 tonnes Jatropha oil at PhP 15.85/kg                                  123,566,600 
Other manufacturing inputs (54%)                                              145,056,443 
 
Total manufacturing cost                                                            268,623,043 
 

11.3.3.13 Review of the economic feasibility of community-scale Farmer Cooperatives 
for biodiesel. [Bender, 1999]  

 
A review of 12 economic feasibility studies was done and reported in 1999. The projected 
costs for biodiesel from oilseeds or animal fats were found to have a range of $0.30 - $0.69/l 
and when crushing and/or esterification facilities were added onto an existing grain or tallow 
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facility, costs were respectively $0.54 - $0.62/l and $0.34 - $0.42/l. At the time the price of 
pre-tax diesel was US $0.18/l in the U.S. and US $0.20 - $0.24/l in some European 
countries. Three scales of facility were done: Com-munity (2 million litre); Industrial (7.5 – 12 
million litre) and large Industrial (> 12 mil- lion litre). It was reported that the cost of feed 
stock and the price obtained for meal had the most important bearing on the cost of the 
biodiesel produced. [Bender, 1999] The figures quoted need to be updated for a present day 
comparison but at the time biodiesel production was found to be not economically feasible. 
 
 

11.3.3.14 Study on the energetic and economic feasibility for the production, processing 
and conversion of beef tallow to a substitute diesel fuel. [Nelson, 2006]  

 
A study revealed that the 11 largest commercial slaughtering facilities in the United States 
produced 1.8 million tonnes (4 billion pounds (lbs)) per year of edible and inedible tallow 
which could be converted to yield 551 million US gallons of biodiesel. 
 
For the base case of 37.8 ML/year, using capital cost and operating data available from the 
Biodiesel Plant Development Handbook in the United States, the following table was 
produced. [Nelson, 2006]: 
 
Costs                                Units     Units per litre    Cost per unit          Cost per litre ($) 
                                                      Of biodiesel       input ($) 

 
Feed stock <0.05% FFA  kg              0.9                0.35                        0.3130 
Employee cost                                                        0.03                        0.0300 
Methanol                         kg               0.1                0.15                        0.0150 
Sales, admin.                                                          0.01                        0.0101 
Fuel oil for heating                             0.038            0.22                        0.0080 
Maintenance (% of cost)                                         0.01                        0.0070 
Insurance (% of cost)                                              0.00                        0.0030 
Power                             kWh            0.03              0.08                         0.0020 
Cooling water                  m³              0.017            0.08                         0.0013 
Steam                             kg               0.679            0.00                         0.009 
Catalyst-NaOH                kg              0.0001          0.13                         0.0002 
Wash water                     m³              0.0001          0.13                         0.0001 
Interest charge                                                                                       0.0090 
+ depreciation 
Credits 
  -crude glycerol             lbs                                                                   0.0200 
 
Total cost per litre                                                                                 0.3842 
 
 

11.3.3.15 Study on the costs of biodiesel production in Germany. [Amigun, 2008]  

 
In this study data on capital costs at various capacities for biodiesel plants were examined 
and it was found that on logarithmic scales the relationship between investment cost in 
Euros (€) and plant size in tonnes/year resulted in a straight line in developing the equation 
C1 = C2 x (Q1/Q2)ⁿ with C1 and Q1 the cost and capacity respectively for a particular plant, Q2 
the capacity of a similar plant and n=0.89. This compares to the factor of 0.6 conventionally 
used. [Amigun, 2008] Secondly four reference models were developed to represent a batch 
agricultural plant with a capacity of 4 000 tonnes per year (I); a continuous industrial stand-
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alone biodiesel plant with a capacity of 100 000 tonnes per year (II); a continuous industrial 
biodiesel plant with an integrated oil mill at a capacity of 100 000 tonnes per year (III) and 
fourthly a multi-feed stock plant with a capacity of 50 000 tonnes per year. (IV). 
 
As can be seen in the following table, the findings are reported on the basis of tonnes of 
biodiesel tb, but there are external variables that make the data not easy to interpret for the 
purpose of this dissertation. 
 
Reference concept model   Units                  I                    II            III            IV 
characteristic installation            
-----------------------------------------------------------------------------------------------------------------  
Mode of operation                                  Batch     Continuous Continuous    Batch 
Feed stock                                            Oilseed     Oilseed       Oil               Multi/tallow  
FFA content (max)               %                <1              <1             <1                <20 
Capacity                              tb/a              4 000       100 000      100 000        50 000 
Operating hours                  hr/a             6 000           7 500          7 500          7 500 
Mass and energy flows 
Input                                     t/tb              ~3.3-9.1  ~2.9-6.8       ~1                 ~1 
Electricity                            kWh/tb         ~ 236       ~196             ~12           ~43 
Steam                                 kWhth/tb        ~300       ~470             ~211         ~639 
Crude glycerol                    kg/Tb            ~116        ~129            ~129         ~113 
 
It should be noted that for a number of different biofuel production systems, the scale factor 
for biodiesel for the range 400 kWth to 2 000 MWth input was given to be0.95 in the formula 
Investment cost1/Investment cost2 = (size1/size2)ⁿ where n = R in the work done by Smeets. 
[Smeets, 2005] 
 
 

11.3.3.16 Study using IMPLAN expenditures for biodiesel. [de la Torre Ugarte, 2007]  

 
In this study two facilities were considered, a 13.0 MMGY biodiesel plant with soybeans as 
feed stock and a10.0 MMG/Y plant using yellow grease. For the four types investment, 
operating, depreciation and by-products using data generated by English et al for soybeans 
and Fortenberry, Expenditures were listed for the different IMPLAN sectors. [English et al, 
2002; Fortenberry, 2005} The expenditures are listed and compared in the following table 
[de la Torre Ugarte, 2006]: 
 
Feed stock                         Soybeans                                           Yellow grease 
Expenditure type               Total ($)       $/gallon                       Total ($)      $/gallon 

  
Investment                        37,309,907       2.87                       8,246,564      0.82 
Operating                          48,238,549       3.71                     16,516,104      1.65 
Operating (-feed stock)       6,250,356       0.48                       3,603,176      0.36 
Feed stock costs               41,988,193       3.23                      12,912,928     1.29 
Depreciation                        3,199,117       0.25                           631,787     0.06 
By-products                         7,102,361       0.55                        2,444,023     0.24  
   -Glycerol                           6,972,756                                      2,405,777      - 
   -Soap stock                         129,604        -                                  38,246 
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11.3.3.17 Economic feasibility for a 5MMGY biodiesel plant in North Dakota, U.S.A. [van 
Wechel, 2003]  

In this study expenses and revenues were derived from industry data and using information 
provided by biodiesel producers. Furthermore it was found that investment costs and 
operating costs are sitespecific. Soybean oil was transported 304 miles in 25 000 US gallon 
capacity rail tank cars. Prices for water was collected from a rural supplier and a municipality 
and estimated as 10 million US gallons for a 5 MMGY plant, i.e. 2 US gallon/gallon of 
biodiesel produced. [Van Wechel, 2003] The estimated annual costs are presented in the 
table below: 
 
Category                                  $/unit                     Units/year              Cost ($/year) 

 
Raw material costs 
   Crude soybean oil/gal            1.91                       5,000,000             9,550,000 
   Transportation                                                                                      291,200 
   Methanol/gal                          0.91                       1,100,000             1,001,000 
   Catalyst/lbs                            0.55                          500,000                275,000 
Utilities 
   Biodiesel for power unit         1.5                              35,000                  52,500 
   Water/gal                                                           10,000,000                  34,116 
Fixed costs 
  Staff – Operators              40,000                                      4                160,000 
  Administrator                    40,300                                      1                  40,300 
  Laboratory                        48,000                                      1                  48,000 
  Support staff                     20,700                                      1                  20,700 
  General labourer              16,600                                       1                 16,600 
  Sales                                35,500                                       1                 35,300 
  Maintenance (% of cost)    0.025                                                         125,000 
  Insurance (% of cost)         0.025                                                         125,000 
  Service contract                                                  4,250,000                 425,000 
  Marketing expenses                                                                             100,000 
Depreciation costs 
  Equipment                                                                                            714,500 
  Storage tanks                                                                                         52,301 
  Building                                                                                                  17,187 
Interest 
  Fixed rate 8%                                                                                       136,858 
 
Total                                                                                                  13,220,562 
 
Investment costs 
Category 
  Transeseterification machinery                                                        5,000,000 
  Storage tanks (625,000 gal oil; 83,333 gal biodiesel)                         366,000 
  Building/land (% acres, building 6,250 ft²)                                          418,750 
  Permits and miscellaneous                                                                 156,250 
  Working capital                                                                                    901,901 
 
Total                                                                                                    6,842,901 
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11.3.3.18 Biodiesel cost of a production model at a capacity of 30 MMGY for canola oil 
[Mattson, 2007]  

 
In this study soybean oil ($0.21/lb), canola oil ($0.26/lb), methanol ($0.87/gal), electricity 
9$0.05/kWh) and natural gas ($6.08/MM Btu) were used and an interest rate of 7% assumed 
on 60% of the initial capital. Investors were taken to provide 40% of the capital, requiring a 
return of 205 on investment. Soybeans and canola oil both needed seven and a half pounds 
of oil to produce one US gallon of biodiesel. It was assumed that no glycerol or soap stock 
got sold. In the following table plant total costs were calculated. [Mattson, 2007]: 
 
Expenditure type                              Cost ($)                     Cost/US gallon biodiesel ($) 

 
Fixed capital                                15,862,699                                  
Working capital                             2,823,560 
Total capital investment              18,686,259 
Costs 
   Soybean oil ($0.2202/lb)          49,535,158                                     1.65 
  Canola oil ($0.2590/lb)              58,275,000                                     1.94 (alternative) 
Operating costs 
   Natural gas                                 1,629,248                                     0.05 
   Electricity                                           4,400 
   Water                                               36,562 
   Catalyst (1% NaOH@$0.42/lb)  1,008,000                                        0.03 
   Methanol ($).13/lb)                     3,143,891                                       0.10 
Total process requirements           4,188,454                                       0.14 
   Maintenance and repairs            1,110,389                                       0.04 
   Waste removal                                21,000                                        0 
   Water treatment                            140,625                                        0 
   Marketing                                      900,000                                       0.03 
   Depreciation                               2,183,078                                       0.07 
   Interest expenses                          784,823                                       0.03 
   Inventory costs                              600,000                                       0.02 
   Labour                                        1,259,893                                       0.04 
   Management and Q.C.                 450,000                                        0.02 
   Real Estate taxes                           50,000                                        0 
   Licences, fees and insurance      158,627                                        0.01 
   Misc. expenses                            375,000                                        0.01 
 
Total other costs                         8,033,435                                        0.27  
Total operating cost                   13,855,536                                       0.46 
 
 

11.3.3.19 Techno-economic analysis for a biodiesel plant on a production   capacity 
basis with formulae for sizing and costing major items of equipment. 
[Apostolakou, 2009]  

 
In this research free on board costs in US $ in year 2007 are presented in formulae for a 50 
000 tonnes/year green fields plant following HYSYS simulation and using vendor information 
with rapeseed oil as feed stock. Both a fixed capital investment cost and operating costs 
were calculated. 
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If pre-esterification has to be considered, the unit cost for a standard alkali-process is 
increased by 10%. The market conditions for glycerol dictates a negligible con-tribution to 
the profitability of the plant because of the amount of biodiesel on the market.  
 
Based on 6:1 molar ratio of methanol to oil and catalyst at 1% by weight to oil, a conversion 
rate of 99% over two reactors, both reactors having residence of one hour (TR), operating at 
60 ºC and low pressure, the following equations were developed: 
 
(1) Transesterification reactors, stainless steel with volumes between 0.1m³ and   
      20m³. 
       
     Reactor volume V = TR Q/0.8 where Q is the volumetric flow rate and the cost  
     CºR = 15000 Vⁿ where n = 0.55. 
 
(2) Cost of centrifuges CºFF = 28100 Qⁿ where n = 0.574 for flow rates between 0.1  
     and 100 m³/hr and material of construction stainless steel. 
 
(3) Cost of mixing and pH adjustment tanks CºV = 12080 Vⁿ where n = 0.525, V is the 
      tank volume, operating regime 0.1 m³  to 30 m³, material of construction stainless   
      steel.  
 
(4) For flash drums CºD = 6500 Vⁿ where n = 0.62, stainless steel tanks with volumes   
     between 0.1 m³ and 70 m³, the basis for the equation being Guthrie correlations. 
 
(5) Cost of heat exchangers CºE = 2320 Aⁿ where n = 0.65 and A is the heat transfer   
     area in m²; heat transfer areas range between 10 m² and 1 000 m². for stainless 
     steel heat exchangers, a design correction coefficient is used, fD = 1.35 for kettle 
     reboilers and fD = 1 for floating head heat exchangers in the formula  where 
     CE = CºE (2.29 + 1.78 fD) To calculate the hear transfer area for all heat   
     exchangers an overall heat transfer coefficient of 0.5 kw/m²K is assumed except   
     for reboilerswhere a heat transfer coefficient of 1 kW/m²K is used. 
 
(6) Cost of distillation columns CºT = 4555 HªC DⁿC where a = 0.81 and n = 1.05; HC  
      the column height is calculated from the tray spacing TS and N is the number of  
      real trays in the formula HC = 1.2 TS (N – 1). The column diameter in metres is  
      derived from the net area An = [ V/ 2√ dv with v the vapour mass flow rate and dv  
      the vapour mass density. The column diameter Dc is calculated from the net area 
      where Dc =√ 4An/0.88π 
 
(7) For large stainless steel tanks between 2x10³ m³ and 50x10³ m³, the cost  
     equation is CºST= 250000+ 94.2 V. for smaller tanks the equation is:                 
     CºST = 65000 +158.7 V 
 
For a 50 000 tonnes per year plant, the table below summarises the operational cost. 
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The raw material and reactants cost inputs are: 
 
  -Rapeseed oil at 50.8 kt/year and an average cost of $ 1100 per tonne. 
  -Methanol at 5.4 kt/year and a cost of $ 300 per tonne. 
  -Catalyst at  0.508 kt/year and a cost of $ 313,000 per year. 
  -HCl and NaOH at a cost of $ 100,000 per year. 
  -Manpower at 15 operators per year, cost $ 40,000 per operator. 
  -For utilities assume 30 kWh/tonne of biodiesel produced and an electricity cost of  
   $ 0.15/kWh.For heating assume 1.4 GJ/tonne and $10/GJ. For the table above the     
   utility cost is reflected as $ 910,000. 
 
In he table below the equipment specifications and installed equipment costs are 
summarised. The equipment can be identified by consulting the process flow sheets in the 
reference [Apostolakou, 2009]. The BM factor is the bare module cost. 
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11.3.3.20 Technological and economic assessment between alkali-neutralisation and 
esterification for a 100 000 tonnes per year biodiesel plant using a 3.8% FFA 
palm oil as feed stock. [Zapata, 2006]  

 
In this work a pre-treatment neutralisation process was compared with sulphuric acid 
esterification followed by alkali-based transesterification. To achieve irreversibility, methanol 
molar ratios to oil of 10.2:1 and 9.8:1 respectively were simulated using HYSYS and main 
equipment lists generated. For transesterification tubular reactors were used and the flow 
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sheets used are shown in Chapter 6 of this dissertation. Capital costs and operational costs 
were then calculated in desk top estimates and the results compared. 
 
For capital costs, from the flow sheets captured in Chapter 6, it can be seen that methanol is 
distilled as tops after transesterification and biodiesel as tops before neutralisation of catalyst 
and subsequent separation of phosphate from the glycerol rich stream in both processes. In 
the following table, comparisons are calculated for the various categories of equipment 
presented in the research report as individual items of equipment. [Zapata et al, 2006] 
 
                                                     Process 1 Neutralisation      Process 2 Esterification 
 
Total equipment cost                         $ 2001647                             $ 2062380 
 
Categories of equipment, numbers, sizes and costs where available. 
 
Pumps                                         8; 6.0875 kW; cost 10%       9: 5.23 kW 
Reactors 
 -Transesterification (tubular)      239.8 m²; cost 7%                223.84 m² 
 -Esterification (tubular)                   -                                        175.93 m² 
 -Oil neutralisation (CSTR)          0.98 m Dx 2.5 m                      - 
 -Catalyst neutralisation (CSTR) 0.67 m Dx 1.84 m                 0.67 m Dx 1.84 m 
Heat exchangers                         9; 137.184 m²; cost 13%      8; 140.53 m² 
Methanol distillation 
 -Reboiler                                     35.47 m²                               47.20 m² 
 -Condensor                                 97.55 m²                               137.83 m² 
 -Distillation column                     1.219 m Dx2.438 m               1.372 m Dx 15.85 m 
                                                     4 plates $ 298,954                26 plates; $ 681,384 
Biodiesel distillation                     0.43 m DX 3.85 m                 0.43 mDx 3.85 m  
Centrifuges and separators 
  -solids from oil separation          18,750 kg/hr; $ 350,000                 - 
 -neutralised catalyst removal      12,500 kg/hr; $ 350,000        12,500 kg/hr 
 -acid washing→esterification                 -                                  0.26 m Dx 5.5 m 
Glycerine recovery 
 -Water flash drum                       0.914 m Dx 3.2 m                       - 
 -vapour/glycerol                          1.067 m Dx 3.734 m              1.067 m Dx 3.734 m 
 
Note: Separating equipment represents about 53.1% of cost 
 
The operational costs will comprise raw materials and reactants costs, effluent treatment 
costs, utility and services cost, manpower costs and the cost of capital. For palm oil the 
Rotterdam October 2005 cost was taken as US $ 452.5/tonne (US $ 1.58/gallon); methanol 
$ 270/tonne; Sulphuric acid 2005 cost of $ 90/tonne; electricity 200 pesos/kWh (2.320 pesos 
= $ 1); The glycerol credit was taken to be $ 1,200/tonne. Depreciation was taken over 10 
years by the straight line method, the construction period assumed at 2 years; the 
operational period was assumed to be 15 years with a 20% return on capital. 
 
Annual production costs (operations): 
 
Code Component    Unit cost                   Process 1                      Process 2 
                                 ( $/kg)         Quantity (kg)    Cost ($)   Quantity (kg)  Cost ($) 
Cmp    Materials,reactants 
         Palm oil            0.4525       103,768,378   46,955,191 103,768,378  46,955,191 
         Methanol          0.27             11,498,524     3,104,601   11,883,736    3,208,608 
      NaOH                0.733                 820,601        601,501        196,120        144,395 
      H3PO4                0.862                 197,262       170,040         160,595        138,433 
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      H2SO4              0.09                       -                    -             1,037,664          93,389 
              Total                                                 50,831,334                          50,540,018 
Ctr Effluent treatment 
     Water               0.17835            404,146           17,895    12,622,480     2,251,219 
     Glycerol wash  0.04428       22,633,411      1,002,207    23,546,900     1,042,656 
             Total                                                     1,020,103                           3,293,876 
CSI Utilities 
     600kPa steam 0.01084     105,006,443       1,117,218  101,774,463     1,082,829 
   4200kPa steam 0.00814         8,224,255            68,968      8,016,742          65,277 
     Water               0.000082 6,352,321,102          52,349  6,465,388,549       53,283 
    Process water   0.000049    21,168,463              1,041      31,467,865          1,548 
    Electricity           0.0862            352,804            30,411           180,759         15,581 
                               $/kWh 
           Total                                                      1,267,985                             1,218,519 
Cmoo 

   Manpower            8,300               16.31           135,374               16.53        137,204 
           Total                                                   53,254,796                            55,189,617 
Total operating cost                                      66,066,760                            68,460,266 
 
Product sales 
  Biodiesel             0.57      100,277,763       57,129,824      102,876,408  58,639,552 
  95% glycerol       1.20          9,630,278       11,556,334          9,182,082  11,018,498 
  Na palmitate       1.50          4,281,835          6,421,836             -                  - 
  Na phosphate     0.73             280,478             204,749             268,693      196,146 
        Total                                                      75,312,745                            69,854,198 
 
 

11.3.3.21 Design and feasibility analysis of a 4 000 tonnes per year continuous alkaline 
catalyst biodiesel plant in Greece [Skarlis, 2008]  

 
In this study a moderate capacity was chosen that will also result in reasonable and feasible 
operational cost. The tanks for the plant and other variables were modelled on a 25 day 
working supply capacity, catalyst quantity at 1.5% of vegetable oil, temperature 65 ºC, 
pressure 20 psi, a 98% conversion rate and a water requirement that will produce 2 tonnes 
of waste water per tonne of biodiesel produced. A specific comment is that the tanks cost 
nearly 50% of the equipment cost. [Skarlis, 2008] 
 
Production Inputs                      Annual use          Cost /unit                Annual cost (€) 

 
Vegetable oils (tonnes/y)           4,000                  500 – 700 €/t          2 – 2.8 million 
Methanol (tonnes/y)                      440                  410 €/t                    180,400 
Catalyst (tonnes/y)                          40                  700 €/t                      28,000 
Water (tonnes/y)                        5,120                  0.93 €/t                       4,760 
Electricity (kWh/y)                  240,000                  0.065 €/kWh             15,600 
Natural gas (kWh/y)             1,760,000                 0.044 €/t                   77,400 
                                                                                                             -------------------- 
                                                                                                            2.3062–3.1062m 
 
Production Outputs 

  
Glycerin (tonnes/y)                     440                    120 €/t                     52,800 
Waste water (tonnes/y)           8,000                        1€/t                        8,000 
Biodiesel (tonnes/y)                4,000                                                  2.282-3.0614 m 
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Capital Costs 
Item                                                                                                     Cost (€)  
Tank farm (working supply capacity)                                                    
Vegetable oil storage tank                                                                 61,812 
Methanol storage tank                                                                            612 
Catalyst storage tank                                                                           6,120 
Glycerin storage tank                                                                           6,120 
Water storage tank                                                                             78,940 
Biodiesel storage tank                                                                        61,812 
         Total supply storage                                                                215,416 
 
Transesterification process 
Methanol storage tank                                                                            265 
Vegetable oil storage tank                                                                   2,448 
Catalyst storage tank                                                                                25 
Crude biodiesel storage tank                                                               2,448 
Reactor #1                                                                                         27,000 
Reactor #2                                                                                         27,000 
Catalyst & methanol mixer                                                                 56,000 
Centrifuge #1                                                                                     46,800 
Centrifuge #2                                                                                     46,800 
         Subtotal transesterification process                                        206,338 
 
Methyl ester purification process 
Water storage tank                                                                              3,060 
Centrifuge #3                                                                                     46,800 
Vacuum dryer                                                                                    15,290 
         Subtotal methyl-ester process                                                  65,150 
 
Glycerin recovery process 
Glycerol –water storage tank                                                                 612 
Centrifuge #4                                                                                     46,800 
Crude glycerol distillation system                                                    220,000 
       Subtotal glycerine recovery process                                         267,412 
Total process equipment                                                                  538,900 
 
Utility equipment (15% of total process equipment)                           80,835 
       Total equipment cost                                                                 835,151 
Installation and transport                                                                  835,151 
        Total capital cost                                                                    1,670,300 
 
Land acquisition cost                                                          50,000 – 245,000 
Other costs (100% of land acquisition cost)                     100,000 – 490,000 
        Total land cost                                                          150,000 – 735,000 
Operational costs 
          Manpower                               Number 
          Plant manager                             1 
         Quality control manager               1 
         Administrative assistant                1 
         Lab. Technician                            1 
        Shift team leader                           3 
        Shift operators                               6 
        Yard/commodities personnel         3 
        Maintenance worker                      1 
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        Electrician                                      1 
        Instrument technician                    1 
        Storeman                                       1 
             Total number of employees      20 
Employee annual labour                                                                 286,000 
Maintenance cost (10% of the total equipment cost)                      167,030 
         Total maintenance and operational cost                                463,000 
 
Annual biodiesel production cost                              2,262,200 – 3,061,400 
Maintenance and operational cost                                                   463,000 
        Total annual biodiesel production cost             2,725,200 – 3,514,400 
        Biodiesel production cost (0.598~0.773 €/l) or € 0.679~0.879/kg 
 
Investment cost 
        Equipment cost                                                                     1,670,300 
        Land cost                                                                150,000 – 735,000 
Total investment cost                                                1,820,300 – 2,405,300 
 
Feasibility analysis (*assuming an increase of 5% every 5 years) 
 
Cost/Revenues               Low cost value scenario (€)  High cost value scenario (€) 

  
Investment cost                              1,820,300                              2,405,300 
M & O cost*                                       453,000                                 453,000 
Production cost*                             2,226,200                              3,061,400 
Annual cost*                                   2,679,200                              3,514,400 
Biodiesel price                                       0.638                                     0.839 
Annual biodiesel production (l)      4,545,454                               4,545,454 
Revenues*                                     2,900,000                               2,900,000 
Discount rate                                              8%                                         8% 
Net present value (NPV)                  428,893                                  639,325 
 
 

11.3.3.22 Quotation for the transesterification and purification of biodiesel using 
homogenisers with an annual capacity of 10 000 tonnes per year. [IKA, 2010]  

 
For this quotation the scope of delivery is as follows: 
 
(1). Premixing of materials and transesterification including dosing pumps, plate heat  
      exchanger, vessel (200l) and mixer. 
(2). Neutralisation / first washing step including heat exchanger and homogeniser,  
      acidifiers and vessels. 
(3). Separation of biodiesel phase and glycerine phase including a centrifuge,  
      transfer pumps and tanks. 
(4). Second washing step including heat exchanger, homogeniser and vessel. 
(5). Separation of biodiesel phase and glycerine phase including centrifuge, transfer 
       pumps and vessels. 
(6). Drying of biodieselincluding a plate heat exchanger, vacuum distillation column. 
(7). Cleaning of glycerine including a flash drum, plate heat exchanger, transfer  
      pumps and vessel. 
(8). Cleaning of methanol for recycling with a rectification column, condenser,  
      transfer pumps and vessel. 
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                                                                                         Total cost € 2.750.000,00 
 
Although for the items mentioned above piping, control, electrical supplies, process software 
and all the other items inside the battery limits are included in the scope of supply, the value 
of this quotation lies in the list of exclusions. This list summarised below, is a useful check on 
outside battery limits items to be included in a project. 
 
(1). Oil extraction plant. 
(2). Tank farm. 
(3). Feed stock preparation plant – degumming, dewaxing, esterification, filtration,  
      drying. 
(4). Utility plants; Compressed air at 7 bar; steam supply at 12 bar and 188 ºC; water 
      demineralisation plant and potable water supply; nitrogen supply at 6 bar;  
      electrical power supply and swaitchgear; laboratory equipment, buildings; earth  
      and concrete works; lighting, ventilation and fire fighting equipment. 
 

11.3.3.23 Technoeconomic study of four alternatives for biodiesel production. 
[Marchetti, 2008]  

 
In two articles the results of studies considering four different process routes for the 
production of biodiesel in a plant that could treat 36,036 tonnes per year were reported. 
SuperPro Designer software was used, Instead of virgin oil at $ 500/tonne, low cost oil with a 
free fatty acid content of 5% and a price of $400/tonne was used. 
In case I the alkaline transesterification followed acid pre-esterification with sulphuric acid. In 
case II sulphuric acid was used as the acid catalyst. In case III resins as solid catalyst was 
used in a heterogeneous transesterification process with packed reactors. In case IV a molar 
ratio of 42:1 to oil and supercritical conditions were used, also in two reactors like the other 
cases. [Marchetti, 2008] Flow diagrams for some of the process routes are shown in Chapter 
6 of this dissertation. The assumptions and analysis are presented in the tables below: 
 
Main technical aspects of each case. 
                                                           Case I        Case II        Case III        Case IV 
Operation temperature of  
Reactors (ºC)                                     60               60               150               200/350 
Feed streams (kg/hr)                         4550           4550            4550            4550 
Methanol (kg/hr)                                750             1500            760              7000/2200 
Catalyst (kg/hr or tonnes*)                 84               42               12.13*               - 
Washing water                                  420              420                  -                   - 
 
Equipment costs ($) 
Pre-mixer of catalyst                        150,000        150,000         n/a               n/a 
Pre-esterification reactor                  349,000           n/a             n/a                n/a 
Transesterification reactor 1             350,000       480,000      410,000       655,000 
Transeseterification reactor 2          350,000        480,000      390,000       407,000 
Neutraliser reactor                             13,500          35,000         n/a               n/a 
All decanters                                    116,000          97,500       50,000          50,000 
Distillation biodiesel bottom               60,000          62,000       56,000            n/a 
Methanol distillation                           40,000          47,500       78,500         268,000 
Glycerin distillation                             77,500          82,000       30,000            n/a 
 
Equipment purchase cost              1,506,000     1,434,000   1,014,500    1,377,000 
Direct fixed capital (DFC)               5,598,000    5,323,000    3,333,000    5,054,000 
Working capital                              1,536,000     1,677,000   1,655,000     3,132,000 
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Start up and validation cost              280,000        266,000      163,000        252,000 
 
Total capital investment                7,415,000     7,327,000    5,151,000    8,438,000 
Operating costs 
Raw materials                            16,044,000  16,564,000  15,919,000  32,630,000? 
Equipment dependant                 1,130,000    1,005,000       684,000      1,022,000 
Labour dependant                          547,000       365,000       365,000         273,000 
Utilities                                            305,000       357,000     1,874,000    1,547,000 
Laboratory                                        83,000         68,000          54,000         41,000 
Insurance                                         55,984          53,237         33,340          50,581 
Factory expenses                          279,920        266,184       166,700        252,903 
Fringe benefits                                 95,040          79,200         63,630          47,520 
Supervision                                      47,520          39,600         31,680          23,760 
Operating supplies                           23,760          19,800         15,840          11,880 
Administration                                142,560        118,800         95,040          71,280 
 
Total operating cost                  18,109,000    18,359,000  18,896,000   35,414,000 
 
From the above, it can only be concluded that the raw material component for the 
supercritical case contains a high cost for operating at high temperature and pressure 
conditions as the other raw materials utilised, i.e feed stock, acid, oil, catalyst and alcohol 
will have the same order of magnitude costs. This phenomenon warrants further clarification. 
 

11.3.3.24 Economic feasibility of producing biodiesel in Tennessee. [English et al, 2003]  

 
In two reports the economics of biodiesel production in Tennessee were evaluated, the first 
report in 2003 and the second report produced as an update of the first report in year 2007. 
[Jensen, 2007] The figures for variable cost in terms of inputs were fairly similar to the U.S. 
biodiesel figures as reported for 2008 [Oehmichen, 2010], The costs were not updated in 
2007 and are now out of date. Interestingly, the figures for 2003 contain the costs for a fully 
integrated soybean crushing facility and biodiesel production plant at $37.6 million for 
crushing 9 million bushels of soybeans per year to yield 12,900,000 Us gallons of soybean 
oil. A stand alone biodiesel plant for was estimated to cost $18.8 million  which provides a 
1:1 ratio in costs which ratio would have remained constant as a first approximation on cost. 
 

11.3.3.25 Economic analysis of biodiesel production in Georgia. [Shumaker, 2007]  

 
In a study the capital and operating costs for biodiesel plants at five different capacities were 
estimated, based on quotes from technology suppliers and assuming feed stock costs as in 
the fall of 2006. The smaller plants are of modular construction whereas the three larger 
plants are built on site. The glycerine sold from the larger plants are pharmaceutical grade to 
maximise on co-product revenues. [Shumaker, 2007] 
 
Some assumptions to consider with the capital cost estimates are that the plants are seen to 
be generic, green field sites are assumed, the two smaller plants do not incorporate 
esterification or glycerine refining and actual costs will vary as per the types of systems and 
technologies employed. The feed stock in all cases is refined, bleached and deoderised 
soybean oil. 
 
 
Estimated capital costs for various size biodiesel production facilities in Georgia. 
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                                                                   Plant capacity in MMGY  (Costs in US $) 
                                            5                  10               15               30             60 

Item  
 
Process Equipment    2,400,000     4,125,000     7,500,000   10,000,000   15,700,000                                                          
Glycerin processing       n/a                n/a             2,500,000     3,100,000    4,000,000 
Utlility facilities              175,000        175,000      2,200,000     3,000,000    4,600,000 
Process buildings         875,000        875,000      2,600,000     3,000,000    5,000,000 
Storage and logistics 1,040,000      1,290,000     4,100,000     6,900,000    9,700,000 
Construction cost         200,000         200,000      8,300,000   10,000,000  16,600,000 
            Sub total        4,690,000      6,665,000    27,200,000   36,000,000  55,600,000 
Contingency (15%)       703,500        999,750       4,080,000     5,400,000   8,340,000 
           Sub total         5,393,500      7,664,750    31,280,000   41,400,000  63,940,000 
Land                             500,000        500,000       1,000,000     1,000,000    1,000,000 
Site survey                     25,000          25,000            25,000          25,000         25,000 
F/s,  w/c, s/up              600,000         900,000       1,200,000     1,800,000    2,500,000 
         Sub total          1,125,000       1,425,000      2,225,000     2,825,000    3,525,000 
Total capital  
Expenditure              6,518,500       9,089,750   33,505,000    44,225,000  67,465,000 
 
Cost /US gallon              
Process equipment          0.48               0.42              0.50                 0.33             0.26 
Storage                            0.208             0.129            0.27                 0.23             0.16 
Capital cost                      1.3                 0.9                2.23                1.47              1.12 
 
Production cost 
Feed stock              10,246,778   19,758,687    30,740,335    61,480,671 122,896,963 
Chemicals                 1,036,788     2,073,575      3,110,363      6,220,725   12,441,450 
Utilities                         238,825        477,650      1,949,550      3,899,100     7,798,200 
Labour, benefits        1,068,563     1,167,475      1,166,963      1,580,550     1,906,500 
R & M                         344,467         504,300         369,000         461,250        498,150 
Insurance                   102,500         205,000         307,500         615,000      1,230,000 
Other gen/admin        866,638       1,027,050      1,028,588      1,027,050     1,205,400 
NBB dues                     65,000           65,000           77,500           92,500        122,500 
 
        Total               14,450,283   25,734,862    39,177,223   75,856,546  148,689,563 
Fixed costs 
Depreciation               543,208        757,479       2,792,083    3,685,417       5,622,083 
Long term interest      429,638        436,308       1,608,240    2,122,800       3,238,320 
       Total                    972,846      1,193,787      4,400,323    5,808,217       8,860,403 
 
Total cost               15,423,129   26,928,649    43,577,546   81,664,762   157,549,967 
Revenue 
Biodiesel - 
at $2.75/g              14,093,750   28,187,500    42,281,250  84,562,500    169,125,000 
Glycerin - 
at $0.02/lb                 794,000      1,488,000      2,382,000    4,056,000        8,004,000 
       Total              14,887,750    29,775,500   44,663,250   88,618,500    177,129,000 
 
F/s as %                            66                  73                  71                75                     78 
Cost/g                            3.08                 2.69               2.91             2.72                 2.63 
Return (gross)         -535,379        2,846,851    1,085,704     6,953,738      19,579,033 

Return on equity (%) 20.53            78.30            8.10            39.3               72.6 
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12 APPENDIX D: CHAPTER 2 GENERAL OVERVIEW 
 

12.1 THE FUNDAMENTALS 

 
In Chapter 2 the fundamentals in terms of a general overview is comprehensively discussed 
and and thus not repeated in this appendix. This appendix contains a vast amount of 
information generated from the investigative study, which is judged useful to inform a fuller 
understanding of the biodiesel business. 

12.2 SOURCES OF ENERGY 

12.2.1 Introduction 

 
Biomass, including plants containing triglycerides, colloquially known as plants containing 
vegetable oils, is energetically charged from energy derived from the sun and absorbed 
carbon dioxide. Animal-based fats and oils are energetically charged from plants, which 
means that they are ultimately energetically charged from the sun and composed of 
absorbed atmospheric carbon dioxide, because animals directly use plants and thus 
indirectly use these primary energy and carbon sources [Zappi, 2003]. 
 

12.2.2 Photosynthesis 

The process by which plants form carbohydrates from carbon dioxide and water  through the 
agency of sunlight acting upon chlorophyll is called photosynthesis [Funk & Wagnalls, 1970]. 
These photochemical processes that Prof Ciamician regarded as the secret of plants, he 
wished to have been mastered by man “to replace the fossil fuels in a black and nervous 
civilization to transform that society into a quieter civilization based on the utilization of solar 
energy that will not be harmful to the progress and to human happiness” [Balzani, 2008] . 
 
Plants therefore utilise photosynthesis to convert solar energy into chemical energy. As an 
example, it is this stored chemical energy then transesterified into biodiesel or alkyl esters, 
which is released when the alkyl ester is combusted [BLC Leather Technology Centre, 
2006]. Animal fats similarly contain chemical energy that is released when the fat is burned. 
Photosynthesis is a very important phenomenon, noting that cellulose accounts for about 
40% of the planet’s total photosynthesis yield (about 1,8 trillion tonnes per year) 
[Chementator, 2007]. 
 
The capturing of the solar energy as fixed carbon in the plant, more generally biomass, 
during which carbon dioxide (CO2) is converted to organic compounds such as 
carbohydrates (-CH2O-), is the key initial step in the growth of biomass [Klass, 1998]. It is 
depicted by the following equation (2.1):  
 
  CO2 + H2O + light + chlorophyll → (CH2O) + O2  12.1 
 
The first step in photosynthetic CO2 fixation and respiratory carbon oxidation, which imposes 
the rate limiting step on plant productivity, is catalysed by the enzyme ribulose 1,5-
diphosphate carboxylase oxygenase (Rubisco) [Huntley, 2007]. This enzyme is slow in 
causing the reaction and sometimes fixes only three carbon molecules a day; also 
sometimes does not distinguish between oxygen and carbon dioxide.  
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For each gram of carbon fixed, about 470 kJ is absorbed. Oxygen liberated during the 
process comes exclusively from the water, according to radioactive tracer experiments 
[Klass, 1998]. As the average energy of “photosynthetically available radiation (PAR)” 
photons is roughly 217 kJ, the maximum efficiency for converting solar energy into stored 
chemical energy is 26,9% with PAR accounting for 43% of incident sunlight on the earth’s 
surface. The quantum limit on photosynthetic efficiency is roughly about 11,6% [Vasudevan, 
2008]. This efficiency limit is important to judge claims on the heating value of plants for a 
given area, in particular algae for which high biodiesel production figures are sometimes 
quoted. 
 
If reports are examined quoting photosynthetic efficiencies of 20%, equivalent to algae 
cultures producing 70 g m‾² d‾¹, these rates may have been achieved in open pond or 
raceway cultures but for limited periods only. A photosynthetic efficiency of slightly more 
than 5% has been calculated for Haematococcus pluvialis, suggesting a productivity of 18,6 
g m‾² d‾¹ in photobioreactors [Huntley, 2007]. For plants, in general the maximum theoretical 
yield of the photosynthetic process is no more than 6,5%  [Carioca, 2009]. 
 
An upper limit of photosynthetic efficiency can be calculated for plants by taking the 
incidence of sunlight in a particular area, applying the photosynthetic efficiency, converting it 
to chemical energy and observing, for example, the amount of oil produced by the plants in a 
given area. For plants like soya beans this amounts to a figure between 1-2% and in general 
a net efficiency below 1%. This yield is not unique as typically photosynthesis converts less 
than 1% of the available sunlight to stored chemical energy [McKendry, 2002]. Rate 
limitations are photosaturation where portions of the plant receive more sunlight than it can 
process, nutrient availability or nutrient imbalance [Szep, 2007] and water availability, 
acceptance of atmospheric oxygen resulting in photorespiration and captured carbon release 
[Vasudevan, 2008]. The photosynthetic efficiency could be applied to increase agricultural 
productivity of some species, such as for example micro-algae. The oil content of micro- 
algae, as stated above, greatly exceeds the oil productivity of the best producing oil crops. 
 
Each vegetal culture has a photosynthetic capacity which relates to the quantity of CO2 

absorbed per unit of time of the foliar surface and also on the type of mechanism (C3 or C4) 
involved in the photosynthetic process. Sugar cane and maize use C4 mechanisms and have 
practical yields no more than 2,5% [Carioca, 2009]. Capacity also depends on radiation 
intensity, temperature, CO2 concentration and availability. 
 
For plants that are leguminous or from other botanical families like soya, sunflower, 
rapeseed, peanuts, cotton and castor beans, although they have a C3 plants period, they 
require more land than plants like palm and jatropha, as they have less energy available per 
plant. On the other hand, the latter category of C3 plants has a net photosynthetic yield 
based on another factor, the length of maximum cycle efficiency which normally is about 7 to 
8 years [Carioca, 2009]. For the short duration plants, oil availability is almost a by-product 
as they are cultivated for their feed value, e.g. proteins.  
 
Research is being conducted at the University of Cincinnati to artificially create a 
photosynthetic material from foam which uses plant, bacterial, frog and fungal enzymes to 
produce sugars from sunlight and carbon dioxide. With this approach, soil is not needed in 
the photosynthesis process and a large proportion of the sun’s energy is not used to 
maintain life functions [Cattermole, 2010]. This fits in with research at the U.S. Department of 
Energy’s Innovation Hub for Fuels from sunlight. In the Joint Center for Artificial Synthesis 
(JCAP), the research is directed at finding a cost effective way to produce fuels, as plants 
do, by combining sunlight, water, and carbon dioxide (CO2) [Lewis, 2010]. In work on algae 
for the production of lipids, it is hoped to also produce hydrogen as a further product [Austin, 
2010]. More information on this work is provided in Chapter 3. 
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12.2.3 Natural phenomena 

 
The earth’s molten core holds virtually unlimited thermal potential as clean carbon free 
energy and these geothermal resources, once developed, have the advantage of providing 
continuous base-load power at a competitive cost compared to other energy sources. As at 
the end of 2009 the U.S. Department of Energy Recovery Act funding already provided $338 
million to support 123 geothermal projects in 39 states. These funds were supplemented 
with an additional $353 million as private and non-federal cost share contributions. 
 
It is estimated that with the development of new enhanced geothermal systems, the U.S. 
could bring an additional 517 800 megawatts on line. At present, using current technologies, 
the U.S. could generate 40 000 megawatts from geothermal resources. Although it is the 
largest generator in the world of geothermal energy, only 0,35% of the nation’s energy 
comes from this clean dependable source [Kallaugher, 2007]. A 2011 MIT finding is that 
there is enough enhanced geothermal capacity to supply 130 000 times the present 
electricity use. 
 
Geothermal energy is considered a renewable resource with a low impact on the 
environment, because it exploits the earth’s interior heat, which at 5 500 ˚C at the core is 
about the same temperature as the surface of the sun [Glitner, 2008]. It is estimated that the 
earth’s crust stores some 5 billion exajoules of heat energy of which 0,1% can power the 
planet for 13 000 years [Kallaugher, 2007]. In the volcanic areas of the world such as the 
Western United States, the Phillippines, Indonesia, New Zealand, Iceland, and at many other 
locations, it is possible to bring heated water trapped underground to the surface through 
wells for the generation of electricity and direct heating. During 2008 with an overall energy 
output of 75,9 TWh for direct heating applications, 73 nations utilised geothermal energy 
directly.The installed capacity for electricity was some 9 000 MWe for 24 nations, with an 
annual output of 57,0 GWh [Glitner, 2008]. 
 
The world leader on the use of geothermal energy is Iceland, a country with a population of 
some 600 000 people. In 2004 geothermal energy accounted for about 53% of its total 
primary energy consumption and in 2007 about 89% of the homes in Iceland were heated by 
geothermal energy. Hydropower contributed 17%, petroleum 25% and the country managed 
to do away with using about 650 000 tons per year of oil due to its policies on sustainable 
energy, featuring tapping geothermal resources. In 2010 62% of the primary energy 
consumption came from geothermal sources. The 575 MW capacity is being supplemented 
with current projects adding 1 080 MW and an overall potential of 4 300 MW. 
 
For Africa, the continent is claimed to be a prime location for generating geothermal energy. 
Kenya is the first African country to be expanding its geothermal potential capacity. It 
received a $293 million loan from Japan and a $94 billion loan from China to expand with 
further plants in other locations, in addition to the three plants built by the Kenya Electricity 
Generating Company  [Marino, 2010]. The attraction of geothermal plants is that they are not 
susceptible to unpredictable supply factors like rain, as is the case with hydro plants in parts 
of Africa. 
 
The two mechanisms for using geothermal energy are ’direct use’ such as heating, food 
processing, fish farming, bathing and recreation that require heat, or indirect use by using 
steam or heat for electricity generation [Glitner, 2008]. Direct heat applications utilise 
geothermal energy produced from lower temperature water (less than 150 ˚C) derived from 
wells at a depth of 300 to 1 000 m. For indirect applications, wells are deeper, between 1 
000 m to 3 000 m, located in hot permeable rock and medium and high enthalpy fluids are 
used either directly in a steam turbine or heating a secondary working fluid in a binary cycle 
system for the generation of electricity [Glitner, 2008]. 
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12.2.4 Fossil derived energy 

 
The earth contains a wide variety of carbon reservoirs that can be harnessed to meet 
societal power requirements. The modern world has come to rely almost exclusively on fossil 
based reserves of energy in the form of gaseous, liquid and solid fuels to meet these 
requirements [Zappi, 2003]. These fuels were produced by natural processes over millions of 
years and represent far more concentrated forms of energy than food crops, human or 
animal muscles, and are easily accessible with fairly basic technology [Heinberg, 2010]. 
Furthermore there is energy embedded in any object associated with mankind. As examples, 
making a computer requires an amount of energy equivalent to that available from 240 kg of 
oil, or growing greenhouse tomatoes, utilising about 50 times their energy content [Balzani, 
2008]. 
 
While the growth in industrialised civilisation is attributable to the cheap energy available 
from fossil fuels, being on a planet limited in size with fixed stores of fossil fuels and 
constrained capacities to regenerate forests, fish, topsoil and freshwater, the unchecked 
growing human population is or may soon be encountering a decline in the energy available 
from fossil fuels. At the same time fossil fuels caused both economic growth and population 
growth and with growing population growth resulting in more of a demand for energy, a so 
called classic self-reinforcing (“positive”) feed back loop resulted [Heinberg, 2010]. 
 
According to Heinberg five physical limits, distinguishable from popular thought that 
economic growth is virtually the sole index of well being, are now apparent and are quoted 
verbatim: 
 

“The world is at, nearing , or past the points of peak production of a number of critical 
non renewable resources including oil, natural gas, and coal, as well as many 
economically important minerals ranging from antimony to zinc. 
 
The global climate is being destabilized by greenhouse gases emitted from the burning 
of fossil fuels, leading to more severe weather (including droughts) as well as melting 
glaciers and rising sea levels. 
 
Freshwater scarcity is a real and impending problem in nearly all of the world’s nations 
due to climate change, pollution, and overuse of groundwater for agriculture and 
industrial processes. 
 
World food production per capita is declining and the maintenance of existing total 
harvests is threatened by climate change, soil erosion, water scarcity and high fuel costs. 
 
Earth’s plant and animal species are being driven to extinction by human activities at a 
rate unequaled in the last 60 million years.” 
  

12.2.4.1 Coal 

 
Coal is among the world’s most abundant energy resources and for many countries the most 
affordable. It accounts for 26% of world primary energy demand, second to oil at 34% [Hill, 
2010]. For the period 2007-2030, the forecast from the International Energy Association 
(IEA) projects a 53% growth in global coal demand. This growth rate in coal consumption, 
akin to other energy carriers such as oil, gas, nuclear and hydro, certainly in 2009, was 
dependent though on factors such as GDP and the economic recession, specifically in the 
developed world. With the increase in concern over climate change and pollution and the 
resultant health hazard from particulate emissions from coal burning activities, the increased 
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use of coal as an energy carrier could be limited, if alternatives such as gas and nuclear 
derived energy (specifically electricity) are more generally used. 
 
From an economic perspective, coal may be the most affordable energy carrier and the 
pithead price may be the lowest, as for example in South Africa, but the total cost for using 
coal from an environmental point of view, could be very much higher than generally 
recognised. If GW capacities of coal based energy are considered, taking into account the 
effect on water resources and “dirty coal” technology, it could be as expensive as 
photovoltaic panels or concentrated solar power farms [de Villiers, 2010]. 
 
 As can be seen from Figures 12.1 and  12.2, coal use is still expanding in the developing 
world with its high growth rates, particularly in countries like China. Overall world coal 
consumption remained steady, due to the growth in coal consumption in China, with 46,9% 
of global consumption in 2009 while producing 45,6% of global supplies. In 2010, China 
produced 3,2 billion tonnes of coal, 300 million tonnes more than the year before. This 
production is the equivalent of about 15 billion barrels of oil – half the world’s annual 
production of crude oil. 
 
 On volumes, the U.S. accounted for 15,8% of coal production and South Africa for 4,1% 
respectively [Hill,2010].  In terms of energy, global coal consumption was 132 quadrillion 
British Thermal units in 2007 and is expected to rise to 206 quadrillion British Thermal units 
by 2035 as estimated by the American Energy Information Administration [Gardner, 2010]. 
 
 

 
 
Figure 12.1 Hard coal production by region for the period 1971 to 2007 [IEA, 2008]  
 
[All figures and tables reprinted or reproduced in this dissertation, indicationg the OECD/IEA or IEA as the source or suitably 
acknowledged, are used as per the terms and conditions available on line at http://www.iea.org/textbase/about/copyright.asp ]  
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Figure 12.2 Comparative growth in coal production for different countries over 34 
years [IEA, 2008] 
 
 
 
The coal production figures for year 2007 can be presented, together with figures for imports 
and exports of coal featuring the most important countries, as in Table 12-1. The production 
figures for hard coal include recovered coal while the hard coal figures for China include 
brown coal, as the key statistics of the IEA, the source document for the information, does 
not distinguish between hard coal and brown coal figures for China. [IEA, 2008] 
 
Table 112-1 Producers, exporters and importers of coal in 2007 

 

 
Producers             Hard  Brown            Exporters         Hard      Importers            Hard 
                               coal   coal                                           coal                                   coal 
                               (Mt)   (Mt)                                            (Mt)                                    (Mt) 

Rep. of China        2 549    --                   Australia              244      Japan                    182 
United States            981   71                  Indonesia            202       Korea                     88 
India                         452   33                   Russia                100       Chinese Taipei       69 
Australia                   323   72                   Colombia              67       India                       54 
South Africa             244     0                   South Africa          67       United Kingdom     50 
Russia                      241   72                   Rep. of China       54        Rep. of China        48 
Indonesia                 231   28                   United States        53       Germany                46 
Poland                       90   58                   Canada                 30        United States         33 
Kazakhstan               83     3                    Vietnam                30        Italy                        25 
Colombia                   72     0                   Kazakhstan           23        Spain                     24                                        
Rest of the world      277  608                 Rest of the world   47        Rest of the world  273 

World                    5 543  945                 World                  917       World                    892 

 
 

*Includes recovered coal 
**Asia excludes China 
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Since 1980 electricity growth has outpaced energy growth mainly because of an increase in 
consumer products resulting in an increase in consumption per capita [PFC Energy, 2009]. 
The largest portion of electricity output has been coal-fired generation at a figure of about 
40% of total supply, with countries such as South Africa and China having coal-fired 
generation for electricity output at well over 70%.  
 
In China a new coal-fired power plant is built every 10 days. In India, coal is the main source 
of energy to feed, clothe and educate hundreds of millions of people [Goldberg, 2010]. Coal 
accounts for about 75% of primary energy use in South Africa. The majority of this coal is 
used to generate electricity, but steel plants, as well as the petrochemical- and synthetic fuel 
plants are also significant consumers. In the process for the beneficiation of coal in South 
Africa, primarily for the export market, about 65 million tonnes of discard coal is also 
generated [ South Africa, info, 2010]. The export coal price at Richards Bay, South Africa 
was about $94/tonne in mid 2010 [Hill, 2010]. 
 
A pioneer in the technology to produce liquid fuels from coal is Sasol. This company 
operates the world’s largest coal-to-fuels plant [Bloomberg, 2009]. Also the Shenhua Group 
in China is reported to have commissioned the first coal-to-fuels plant in North China during 
December 2008. At the same time it was reported that Sasol and the Shenhua Group were 
going to build a coal-to-fuel plant with a capacity of 3,4 million tonnes per year of fuel, due 
for completion in 2013. This followed from the Chinese government having granted Shenhua 
the exclusive right to build these plants in China. During 2006 the then Chief Executive of 
Sasol stated that in China coal-to-fuels plants can be profitable at an oil price of $40 (US) 
per barrel  [Bloomberg, 2009]. In a later update on the position on the abovementioned 
plant, it was reported that feasibility studies for the plant were complete and an investor 
decision on its construction was going to be taken in 2010. The feasibility study was handed 
to the Chinese government for approval. The projected capacity of the plant was increased 
from 80 000 barrels per day to 93 000 barrels per day and it was estimated that the plant 
was going to cost about $10 billion [Williams, 2010]. 
 
It is interesting that a project with a capacity of also 80 000 barrels/day has been announced 
by a joint venture between India’s Tata Group and South Africa’s Sasol. The plant is 
projected to start producing oil products from coal mined in the Orissa state coal block in 
India by 2018 and is expected to cost less than $10 billion. With a coal reserve of 1,5 billion 
tonnes and a peak rate production of 20 million tonnes/year of coal, the plant will have a 
lifespan of 25 to 30 years. It will produce 75% ultra clean diesel and 25% chemical naptha 
[Reuters, 2010, as quoted in Engineering News, 2010]. India has the world’s fourth largest 
coal reserves but imports about two-thirds of its crude oil requirements.   

12.2.4.2 Oil 

 
 Crude oil, as defined by the IEA, comprises crude oil, natural gas liquids, refinery feed 
stocks and additives as well as other hydrocarbons [IEA, 2008]. In contrast, oil production 
figures comprise three elements namely crude and lease condensate production (everything 
that comes out an oil well as a liquid); natural gas plant liquids (propane, butane and other 
liquids extracted in gas processing plants); and biofuels and other liquid fuels such as coal-
to-liquids and gas-to-liquids. Liquids production in November 2009 included roughly 73 Mb/d 
(85 percent) crude and lease condensate; around 8,4 Mb/d (10 percent) of natural gas 
liquids; 2,3 Mb/d (3 percent) of other liquids; and 2,2 Mb/d (3 percent) of processing gain. 
The volume of products after refining exceeds the volume of crude input by the processing 
gain [Roberts et al, 2010]. 
 
Crude oil is the dominant contributor to world liquid fuels supply [Aleklett, 2009]. The global 
output of oil is about 86 million barrels per day (Mb/d) [Bergin, 2008]. This equates to a 
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consumption of about 1 000 barrels of oil a second which means an average of about 2 litres 
a day per person [Balzani, 2008]. It is directly linked to world prosperity as since 1980, each 
1% per year increase in GDP has been accompanied by a 0,3% rise in primary oil demand 
[IEA, 2008]. As there is a connection between economic growth and energy use with oil 
being a major source of energy, there is huge interest in oil production and oil reserves.  
 
At present there is no viable substitute for oil, especially in energy required in the 
transportation sector. If a scenario is then developed assuming continued economic growth 
of 3% per year until 2015, and 0,8% per year then until 2030, as was done in an IEA 
reference scenario, the world oil demand will be 106,4 Mb/day in 2030. Based on the 
generally accepted predictions of oil field capacities and reserves, the production gap will 
continue to increase or alternatively, economic growth has to slow down. The forecast for oil 
in terms of the IEA scenarios is depicted in Figure 12.3. 

 
As an alternative, a bold projection by the chief economist of the International Energy 
Agency, Fatih Birol, is that oil use in industrialised countries will never return to the 2006 and 
2007 levels, because of higher fuel efficiency and the use of alternatives [Lawler, 2010 
(January 29)]. The economic crisis in 2009 had a once-off effect but in addition to the 
reasons presented above, the increasing use of electricity and gas for uses outside transport 
are creating structural factors for a lower rate of use. Structural factors include policies to 
tackle climate change and a move to more fuel efficient vehicles in developing markets like 
China, where the highest growth in vehicle production  is expected. The view by Birol was 
echoed by the then chief executive of BP Plc, Tony Hayward, and some oil analysts. World 
demand for oil in 2010 was forecast at 86,33 million barrels per day, viewed against the 
84,89 million barrels a day used in 2009, with an unchanged demand from 2009 to 2010 of 
45,48 million barrels a day for OECD countries as depicted in Figure 12.4 [Lawler, 2010].  

 
 

 
 

Figure 12.3  Forecast for the production of oil to 2030 [IEA, 2008] 
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The breakdown of oil consumption on a regional basis is illustrated in Figure 12.4. 
 
 

 
 
Figure 12.4  Global breakdown of oil consumption [IEA, 2008] 
 
In terms of neoclassical economics the world will not experience a decline in oil production 
starting in the next five years. Market forces will lead society to extract whatever it needs 
from the biosphere. What is termed unconventional oil reserves will fill the gap, as shown in 
the graph shown in Figure 12.5, sourced from the Cambridge Energy Research Associates 
(CERA) [Cobb, 2010]. 
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Figure 12.5  The neoclassical economic view on the peak oil theory [Cobb, 2010] 
 
In contrast to what is known as the neoclassical economic view, is the more orthodox 
economic view, which in the extreme is the theory subscribed to by the peak oil 
supporters.The graph identifying a gap of about 50 percent between expected oil pro- 
duction based on known oil reserves is presented in Figure 12.6. From the orthodox 
standpoint, there will be new oil discoveries, but a question is whether the oil in these oil 
reserves can be extracted economically [Cobb, 2010].  
 
Following thinking on the peak oil theory considering by and large only conventional 
petroleum resources, the gap assumes the current state of knowledge on the six different 
fractions identified in the projections, these being: 
  
 1. Crude oil - currently producing fields, 
 2. Crude oil – fields yet to be developed (‘fallow fields’), 
 3. Crude oil – fields yet to be found,  
 4. Crude oil – additional EOR (enhanced oil recovery), 
 5. Non-conventional oil and 
 6. Natural gas fields. 
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Figure 12.6  The orthodox economic view on the peak oil theory [Cobb, 2010] 
 
If the peak oil supporters and economists are correct, a greater future will prevail for 
renewable energy carriers, shown in Figure 12.6 as non-petroleum unconventional liquids. 
Similarly it seems that the shale gas boom is not properly accounted for, presumably as it  
was not seen to be growing at the current extraction rate. However, the jury is still out on this 
matter, considering the controversies around extraction techniques. 
 
 Since the publication of the predicted oil production figures, massive oil fields in the so-
called subsalt layer off the coast of Brazil with deposits ranging from 30 billion to 100 billion 
barrels of recoverable oil have been found [Teixeira, 2009]. For this field, known as the Tupi 
oil field, Petrobras, Brazil’s state-run oil company, announced plans to develop the pre-salt 
region during December 2009. The Petrobas geologist estimates the reserve at 50 billion 
barrels [Carioca, 2009, quoting Mello, 2008]. A cost of $174 billion will see the production of 
5,7 million barrels a day by 2020. Subsequent to the Tupi field, the Franco field, Brazil’s 
second largest off shore oil discovery with recoverable oil at 4,5 billion barrels to be 
developed within the 5-10 year horizon, was also announced. On the other hand, using the 
latest U.S. Geological Survey estimate of 6 trillion barrels of oil or its equivalent, 82 percent 
of the world’s endowment of oil and gas resources remains to be used [Goldberg, 2010]. 
East Africa and Mongolia are also seen to be huge oil producing regions in future. 
 
South Africa has very little oil or gas [Kenny, 2010]. About 14% of South Africa’s primary 
energy needs are met by oil, with some 95% of this crude oil being imported [Wakeford, 
2007]. However, there are still some large areas such as the Outeniqua basin in South Africa 
that are unexplored but with the possibility of large amounts of oil [Reuters, 2009]. The 
energy position in South Africa will be discussed in more detail in Chapter 4 in this 
dissertation, however, in discussing natural gas in this chapter, the developments in the 
Karoo on shale gas exploration will be highlighted.  
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12.2.4.2.1 The oil industry 

 
In its widest sense ‘petroleum’ embraces all hydrocarbons occurring naturally in the earth. 
This includes liquids (crude oil), gaseous hydrocarbons (natural gas) and solids like 
‘bitumen’, ‘asphalt’ or ‘wax’ depending on their composition. Crude oil and natural gas are 
the raw materials of the petroleum industry (the oil industry). The oil industry is in the 
business to find them, win them from the earth, manufacture technically useful products from 
them and sell these products into markets [Shell, 1966]. 
 
In Persia bitumen was used as far back as 4 000 BC and various petroleum products could 
have been used in the construction of the Tower of Babel, Noah’s Ark and Moses’ basket. In 
Mesopotamia, Egypt, Persia and elsewhere petroleum was used for heating, lighting, road 
making and building, but it was only after 1859, when Drake drilled the first well to be sunk 
for oil, that the oil industry started to evolve into a very sophisticated, vertically integrated 
industry with the oil majors or oil multi-national companies formed in the last hundred years. 
A company like the Royal Dutch Shell Group, for example, has over 500 subsidiaries and 
associates which it controls. There are also many smaller independent organisations, 
especially in the U.S., who may focus on exploration, production, distributing or retailing oil 
products. As an example in South America Colombia produces 750 000 b/d, has 240 oil 
contracts and 120 public and private companies working in its oil industry 
 
As mentioned elsewhere, the ‘Seven Sisters’ as BP, Chevron, Exxon, Gulf Oil, Mobil, Royal 
Dutch Shell and Texaco were known in the oil game, dominated the market in the sixties of 
the previous century. Since then the dynamics of the industry changed with National Oil 
Companies (NOCs) getting increasing control over the world’s oil and gas reserves. 
Whereas in 1970 the majors had full access to 85% of reserves, this changed to 8% in 2009 
[Sweetnam, 2010]. The majors currently produce 20% of the world’s oil between them 
[Roberts, 2010]. In 2010, due to industry re-arrangement, mergers and takeovers, the big 
four oil multi-nationals were BP, Royal Dutch Shell, Chevron/Texaco (including Gulf Oil) and 
Exxon/Mobil. As a measure of size, these four oil majors, together with ConocoPhillips, 
generated more than $750 billion in profits during the last decade  [Sanders, 2010]. 
 
The finding of oil and marketing the resultant products is an immensely expensive 
undertaking. Also the oil fields are geographically not well located for the major markets. 
Specialised transport is required to deliver crude and gas, the latter at very low 
temperatures, to production facilities and refineries. Resource nationalisation and the failure 
to reinvest profits in production are limiting outlay required to only replacing existing 
resources, mainly because of the shift in oil power to NOCs [McNulty, 2007]. This meant that 
in contrast to 1961, where the oil companies could invest almost anywhere, except the 
Soviet Union and Mexico, opportunities are now extremely limited, contributing to 
nervousness and uncertainty over oil prices as reflected in oil price movements. This in turn 
creates tremendous pressures in the international petroleum system, the international 
economic system and the international political system. 
 
The oil majors with their vast experience and resources have adapted their strategies to 
meet global energy demand, make selective investments in growth markets and develop 
major projects where the technologies they have, can be used. Despite constraints with 
politilisation of oil supplies, the multi-national oil companies are still major players in the oil 
world. A company like Shell had a revenue stream of $278,2 billion in 2009, operated in 90 
countries, sold 145 billion litres of fuel with 44 000 Shell service stations worldwide and 
employed 101 000 people. 
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12.2.4.2.2 Other sources of oil 

 
It is convenient to differentiate between two important sources of oil in North America, 
namely tar sands and oil shale. North America’s unconventional oil resources total 3,7 trillion 
barrels compared to the world’s conventional oil resources at 2,7 trillion barrels [Johnson, 
2004]. The resources in different regions are shown in Figure 12.7. Another estimate 
mentioned below puts unconventional oil reserves at 4,3 trillion barrels [Phillips, 2010]. 
 

 
 
Figure 12.7  Comparison between conventional global oil resources and North American 
unconventional oil resource estimates [Johnson, 2004] 

i. Tar sands 

 
At present the oil extracted from tar sands in North America, more particularly Canada, 
amounts to 1,2 million barrels per day. The tar sands in Alberta, Canada, is seen to be the 
largest oil reserve outside of the Middle East [Haggett, 2010]. 
 
The extraction process for tar sands is energy intensive and expensive. Compared to an 
extraction cost of $18 - $20/b for oil from Saudi Arabia, $50 - $60/b for conventional non-
Opec oil, even $65 - $75/b for deep off shore oil, Canadian tar sand extraction costs vary 
between $85 - $95/b [Roberts, 2010]. Such costs constrain  maximum extraction rates 
although the tar sands are abundant. 

ii. Oil shales 

 
The vast extent of U.S. oil shale reserves at more than 2 trillion barrels has been known for 
over a century [Johnson, 2004]. This reserve is now being tapped and shale gas production 
in the U.S. changed from less than 2 percent of total U.S. natural gas production in 2001 to 
about 30 percent by August 2011. It is predicted to be 46 percent of domestic production by 
2035 [SEAB, 2011]. The different fields or shale plays are shown on the map reproduced in 
Figure 12.8; the source being the U.S Energy Information Administration (EIA). 
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Figure 12.8 Location of oil shale formations in America [EIA, 2011] 
 
Since 1953 scientists have known there were massive petroleum deposits located in a 
geological depression called the “Williston Basin” in the federal states of North Dakota and 
Montana. With the advent of horizontal-fractual drilling technology it is now economical to 
drill and at a price of $70 /barrel, the prospects of oil recovery from these shales is attractive. 
 
The Bakken formation in Montana and North Dakota is said to contain some 4 to 5 billion 
barrels of sweet crude oil in shales and in fact stretches into Saskatchewan and Manitoba in 
Canada, as seen in Figure 12.8. According to the U.S. Geological Survey (USGS) it is the 
largest ’continuous’ oil accumulation ever assessed by the USGS. It is estimated to contain 
some 435 billion barrels of oil of which it was predicted that 1% is recoverable in 2008 [Kohl, 
2009]. The current estimate of reserves from this source is 25 times that stated by the U.S. 
Minerals Management Service in 1995 [Goldberg, 2010], and the current rate of extraction in 
North Dakota alone, amounts to over 250 000 bbl/day. 
 
It seems as if “unconventional reserves” are defined by the drilling technique used to recover 
the oil whether in shale formations or even occurring as “sweet crude”. In brief the technique 
can be described as drilling a well until it contacts an oil bearing strata. The well is then 
turned to continue drilling horizontally through the strata. Water is pressurised into the well to 
open fractures in the strata. Sand or silica balls are then pumped into the well to hold these 
cracks open. As oil and gas seep into the well, it is recovered at the surface  [Phillips, 2010]. 
 
With this technology it is estimated that the equivalent of 4,3 trillion barrels of oil could be 
recovered that is locked in various strata, tar sands, shale deposits, and other sources 
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across Ameri-Canada. This will include the oil in the Bakken formation and also the sweet 
crude oil in the Cardium formation in Alberta, Canada. This oil was discovered in the fifties, 
but could not be extracted. With the technique described above it is now amenable to 
profitable recovery at an oil price of $38/barrel. The lower cost associated with the Cardium 
oil is due to the fact that it does not contain water, compared to a volume of up to 30% in oil 
from shale. The significance of this is that 4,3 trillion barrels compare with the current total 
reserves of the Middle East at 835 billion barrels of oil and that secondly, at current 
consumption levels, this will ensure that the U.S. has oil that could last 512 years  [Phillips, 
2010].  
 
The area geographically near the Rocky Mountains in the western states of North America is 
thus estimated to contain some 1,8 x 10¹² barrels of oil in reserve compared to Canada with 
2,397 x 10¹² barrels, Saudi Arabia with 0,262 x 10¹² barrels and Iran with 0,133 x 10¹² 
barrels. Iraq has reserves of 0,1125 x10¹² barrels. This compares to Venezuela with 75,59 
billion barrels, Russia with 69 billion barrels and Libya with 40 billion barrels in reserve. The 
problem with the North American oil is to find ways to extract it economically. As to world 
shale resources, the U.S. Energy Information Administration conducted an initial assessment 
of shale gas reserves outside the United States, (report date April 5 2011) and estimated 
that there are 6 622 trillion cubic feet of technically recoverable shale gas resources in 32 
countries. The figures for some individual countries in the units given above are South Africa 
485; Argentina 274; China 1 275; Mexico 681 and the USA 862. Locations of deposits are 
given in Figure 12.9.  
 
 

 
Figure 12.9 Significant oil shale basins in the world [EIA, 2011]     

12.2.4.2.3 Oil supply and costs 

 
There are many factors affecting the price of oil, which changed from $150 per barrel to $50 
a barrel during the second half of 2008 alone. Figure 12.10, adjusted to 2008 US Dollars, 
shows a steady position, except for the 1970 and 2008-‘09 oil shocks [Roberts et al., 2010]. 
Some 120 oil fields are the source of the current global production. The super-giant Ghawar 
field in Saudi Arabia yields over 5 percent of the world’s current production but is quite old, 
as are the other important fields in the Middle East. 
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Figure 12.10  Oil price movements over the last ninety years [Roberts et al., 2010] 

 
Compared to the relative stability of the oil price  in the first decade of this century, as 
illustrated in Figure 12.11,  the 1970 oil price shock came about as the Arab members of the 
Organization for Petroleum Exporting Countries (OPEC) imposed an embargo on oil exports 
to Japan, the United States and Western Europe. Both Figure 12.10 and Figure 12.11 show 
a spike in 2008-2009, which was caused by the world recession and the banking crisis. In 
principle, this spike was demand driven, in contrast to the supply driven 1970 oil price 
increase. 
 
In discussing the changed roles of the multi-national oil giants (in reality the ‘seven sisters’) 
and the the National Oil companies, it is clear from Figure 12.10 that price stability prevailed 
in the oil market up to the seventies. The OPEC cartel actions and more political issues 
since 1970 introduced a more unpredictable situation with fluctuations in spare capacities 
and uncertainty in the market, also as more variables were introduced with about 10 oil 
producing countries controlling supplies as compared to the ‘seven sisters’, albeit through 
organisations like OPEC. The market was, however, supply driven. More nervousness came 
about because the 10 most important oil producers control 80 percent of the planet’s oil 
reserves, about 1 trillion barrels, currently worth about $40 trillion [Goldberg, 2010]. In 
contrast, ExxonMobil controls just over half percent of the world’s reserves. 
 
In what is now  described to be a more volatile market, despite the political- and supply 
instability, it is driven more so by demand [UNCTAD, 2009]. This can be deduced by looking 
at oil price movements over six periods from 1999 to 2009. These six periods are 
demarcated in Figure 12.11 as periods A to F respectively and the major driver for the 
particular period listed and its effect on oil price and oil volume produced seen pictorially. 
 
Period A:  Oil prices recovering slowly from a $10/bbl low caused by the Asian financial  
                 crisis. 
Period B:  Supply and demand are well balanced. Prices moving in a narrow range around   
                 $25/bbl. Production and price dip in 2001 associated with the shallow ‘dotcom’    
                 recession. 
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Period C:  Prices start to rise steadily initially producing additional supply but then acting as  
                 a rationing mechanism for an essentially flat supply. Rationing trend extrapolated. 
Period D:  Promises of additional Saudi supply, produce price setback, but absence of  
                 additional supply produces rapid price escalation to peak in mid-July 2008. 
Period E:  Prices and production fall as banking crisis develops. Prices fall to marginal cost  
                 of highest cost producer – Canadian tar sands – as the OPEC cutback is seen as  
                 inadequate.  
Period F:  Prices rise steadily on announcement of large OPEC production cutback and  
                abating recession reaching Saudi target price of $75/bbl in the third quarter 2009. 
 
These drivers can also be described as forces [Roberts et al., 2010]. As much as other 
factors on the demand side since the change from an investor-owned oil industry to national 
oil companies are now seemingly playing a role in the dynamics of the ‘oil game’, it cannot 
be ignored that the Saudi Arabian Oil Company controls 20 percent of the world’s oil 
reserves; the Iranian Oil Company 10 percent; Iraq’s National Oil Company 9 percent  with 
various national oil firms the remainder of the oil reserves [Goldberg, 2010].  
 

 
 
 
Figure 12.11  Global price and historical production of crude oil in the last decade showing the 
basic forces acting on the industry since 2000 (Source: EIA production and prices; Roberts et 
al. , 2010) 
 
If operational costs are analysed, the costs in Saudi Arabia, the United Arab Emirates and 
Kuwait are $1-$2 per barrel. A large operator, Talisman Energy from Canada, with operating 
fields in North America, the North Sea and Asia, estimated operational costs of $13,88 per 
barrel during the third quarter of 2008. Two operators of oil sand extraction facilities from 
Canada’s bitumen-soaked oil sands at locations like Athabasca, Marathon Oil and Royal 
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Dutch Shell, estimated their operating costs to be $40-$50 per barrel and $36 per barrel 
respectively, on a total throughput of 1 million barrels per day [Bergin, 2008]. 
 
On total costs, the oil multi-national Total said it needs oil prices around $90 per barrel to 
earn a return of 12,5 percent on oil sands investments and more than $60 per barrel on 
resource rich deep sea waters in Angola. For a mature North Sea oil field, oil prices ranging 
from $40-$50 per barrel are needed [Bergin, 2008]. 
 
For 2008, the International Energy Agency (IEA) provided the following very approximate 
estimates for all-in costs of producing oil from various types of hydrocarbons in different 
parts of the world. These costs can vary greatly depending on assumptions about financing, 
tax and the sizes of the oil fields, as seen in Table 12-2 [Johnnson, 2008]. 
 
Table 12-1  Production costs for different oil sources [Johnnson, 2008] 

 
Oilfields/Source Estimated production cost (2008 $) 

Middle East / North African oilfields 6  - 28 

Other conventional oilfields 6 – 39 

CO2 enhanced oil recovery 30 – 80 

Deep /ultra-deep water oilfields 32 -  65 

Enhanced oil recovery 32 -  82 

Arctic oil fields 32 - 100 

Heavy oil / bitumen 32 -  68 

Oil shales 52 – 113 

Gas to Liquids 38 – 113 

Coal to Liquids 60 – 113 

 

12.2.4.3 Natural gas 

 
Natural gas has been expanding its share of the primary energy balance from approximately 
25% in the seventies to 37% in 2009. The main factors in this expansion have been the 
advances in Liquid Natural Gas (LNG) technology,  which has provided opportunities to 
market previously stranded gas reserves and the expansion of unconventional gas reserves 
like coal bed methane, shale gas and other tight gas plays [PFC Energy, 2009]. On the 
demand side combined cycle turbines and natural gas fuelled consumer products, higher 
heating demand and industrial growth,  are growth factors. Lower emission profiles 
compared to other fossil energy carriers all aided the high growth rates experienced. Other 
uses of gas are in petrochemical plants, methanol and ammonia production, desalination 
and ethanol plants [PFC Energy, 2009]. 
 
Gas is often cheaper than oil, and more efficient than coal. It is a more flexible option in 
electricity generation as coal base load stations have longer start-up and reaction times to 
changes in electricity demand. Gas fired electricity is less capital intensive compared to coal 
with lower overhaul and maintenance costs for the associated plant. It has a lower carbon 
footprint and is easier to cope with in terms of carbon constraints. From a thermodynamic 
point of view, considering the Rankine cycle, gas turbines operate at a higher efficiency 
compared to coal-fired electricity generating plant.  
 
In a report by the Massachusetts Institute of Technology (MIT) on the future of natural gas, it 
was found to be an option for cutting power plant emissions and addressing global warming 
in the short term [Kirkland, 2010]. Gas is said to be less carbon intensive than coal or oil.  
Nuclear power, renewable energy and carbon capture and sequestration are relatively 
expensive next to gas. For these reasons, and the impact of gas exploited from huge 
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sources associated with shales, for electricity generation, gas will replace in particular coal 
fired power stations. For the U.S. the MIT reports that the share of gas will increase from 
20% to 40% by 2040. The MIT study estimated global recoverable resources for natural gas 
to be 16 200 trillion cubic feet, enough to last more than 160 years at current consumption 
rates. As an energy carrier in primary energy supply, the proportion of gas in the energy mix 
varies widely. Russia has the most gas dependant economy with a share of 55,2% of the 
energy supply. In contrast countries like China and India have minimal gas utilisation. 
 
As for crude oil, the distinction can also be made as to conventional reserves such as the 
gas associated with oil fields, as opposed to unconventional resources like shale gas and 
coal bed methane. The calorific cost of gas is about half that of oil. According to the report 
“the Oil Crunch” gas prices in the $6 - $9 mm Btu range would allow profitable development 
of both Liquid Natural Gas (LNG) and gas from unconventional resources. On a calorific 
equivalence basis this equates to $36 - $54/barrel [Roberts et al., 2010]. 
 
Biomass to liquids (BTL) is discussed in Chapter 3 and Appendix E, but both gas recovered 
from shale deposits and from conventional petroleum fields can be converted with Gas to 
Liquids (GTL) technology to fuels. The Oryx GTL facility in Qatar has a name plate capacity 
of 34 000 b/d and was producing fuels at 90 percent of its capacity during June 2010. This 
project is based on Sasol GTL technology and the same company is fast-tracking a further 
1,3 million tonnes a year GTL feasibility study for a project in Uzbekistan, together with 
Uzbekneftegaz and Petronas [Creamer, 2010]. 
 
The importance of mentioning progress on GTL for gas is that as the prime differential 
between gas and oil widens, more and more of the abovementioned type projects will come 
into being. This is also applicable for the exploitation of potential shale gas deposits in the 
Karoo region of South Africa. For this region the Petroleum Agency of South Africa awarded 
gas exploration permits to companies like Shell and Falcon, with the outcome of applications 
for permits awaited by companies such as Sasol, Chesapeake, Statoil and Anglo American. 
Similarly, GTL technology can be considered for the huge North American shale gas 
reserves. 
 
As was mentioned earlier in this chapter, South Africa has very limited potential for oil 
although there are schools of thought  that reserves are possible in the Southern Cape. With 
the work that Soekor, the predecessor to the Petroleum Agency of South Africa, did on oil 
exploration in the ninety seventies, the thrust was not on finding natural gas and the deposits 
found in the Karoo were decided to be not economically exploitable at the time [Williams, 
2010]. With the advent of higher oil prices and modern technology that also changed the 
position on particularly shale gas in North America, there is now renewed interest in the 
Karoo basin. It is clear that shale development could significantly alter South Africa’s gas 
balance and energy position. The feedstock to existing gas-to-liquids (GTL) and coal-to-
liquids (COL) plants will also change. 
 
 The Petroleum Agency, the organisation designated by the Mineral and Petroleum 
Resources Development Act to regulate and promote oil and gas exploration in South Africa,  
issued permits to Falcon Oil and Gas and Shell in 2010 [Creamer, 2010]. The Shell permit to 
explore its concession area ‘on paper’ for twelve months, covers an area of 185 000 km² 
while the Falcon area covers 30 300 km². More companies, Sasol in association with 
Chesapeake of the U.S. and Statoil from Norway, are in line for a permit on an area of 85 
000 km² [Williams, 2010]. Anglo American is also in the queue for a permit and BHP Billiton 
on the other hand is thought to be the lead partner for an off shore block 3A/4A off the west 
coast of South Africa and with Global Offshore Oil Exploration South Africa in block 3B/4B 
[Creamer, 2010]. 
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The onshore concession areas are depicted in the graphics presented in Figure 12.12 which 
interestingly, also shows potential wind farm locations [Williams, 2010]: 
 
 
 

 
 
Figure 12.12  Map showing concession areas for gas exploitation in South Africa 
                     [Courtesy of Francois Williams, 2010] 
 
It is recognised that there is controversy over the exploitation of shale gas reserves  which in 
the U.S. brought about lower prices, domestic jobs and for America the prospect of 
enhanced security in terms of energy sources [SEAB, 2011]. In its interim 90-day report the 
Sub-committee recommends that public information about shale gas operations should be 
improved;  communication among state and federal regulators should be improved; air 
quality be improved and water quality be protected. South Africa could do well in taking a 
leaf out of the book on the U.S. experience. 
 
From a South African government perspective, it wants to increase the role of gas in the 
economy, with amongst other iniatives a gas fired R30 billion electrical power plant on the 
west coast. In 2010 gas accounted for less than 2 percent of South Africa’s energy needs, 
with some 110 million gigajoules coming from the Pande and Temane gas fields in 
Mocambique, according to the National Energy Regulator (NERSA).   
 
The countries in Southern Africa, including South Africa, are not large consumers of natural 
gas, especially as a domestic fuel. The natural gas that Sasol exploits in the Temane- and 
Pande- gas fields in northern Mocambique are conveyed by pipe line to Secunda with a tap 
off at the border village between the two countries, Ressano Garcia. This allows for 
distribution in Mocambique with a 70 km line to the Matola area, where clients like BHP 
Billiton with a consumption of 1 million gigajoules, and various smaller users are served 
[Williams, 2010].  
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12.2.5 Renewable energy 

 
Renewable energy is defined to be energy obtained from solar, wind, geothermal, 
hydroelectric, tide, biomass and other sources, but sources such as fossil or nuclear energy 
are not classified as renewable. In this dissertation the focus will be on biodiesel, a biofuel of 
specific interest in transportation and therefore only a brief overview will be given of the other 
forms of renewable energy. In context, it is useful to pictorially present the renewable energy 
share of global final energy consumption (GFEC) for 2006 as shown in the UNEP report 
“Assessing Biofuels” [Bringezu, 2009]. With acknowledgment, this is done in the Figure 
12.13. 
 
 

 
 
 
Figure 12.13  Renewable energy share of global final energy consumption (GFEC) in 
2006 [Bringezu, 2009] 
 
As a source of energy, investment in renewable energy has grown fourfold between 2004 
and 2008 [Martinot, 2009]. From the same reference, solar photovoltaic capacity increased 
six fold to 16 GW, wind power capacity increased 250 percent to 121 GW, with significant 
gains in small hydro, geothermal and biomass power generation. Solar heating capacity 
doubled to 145 GWth (thermal gigawatt), whereas biodiesel production increased six fold to 
12 billion litres per year and ethanol production doubled to 67 billion litres per year.    
 
In contrast sustainable energy is defined as energy providing affordable, accessible and 
reliable energy services that meet economic, social and environmental needs within the 
overall developmental context for the society for which the services are intended, while 
recognising equitable distribution in meeting those needs [ICSU, 2007]. 
 
It is noted that for biofuels the sustainability profile is now being questioned [Menichetti, 
2009]. Researchers, like Doornbosch and Steenblik 2007; Fargione et al., 2008, Searchinger 
et al., 2008, cite issues like direct and indirect land use impacts, carbon stock disturbance, 
water depletion and pollution biodiversity loss and air quality degradation, as well as 
potential economic and social conflicts deriving from food /energy source competition. 
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12.2.5.1 Nuclear power 

 
From Figure 2.15 it is seen that nuclear energy consumption is shown separately and 
compared to fossil fuels and renewable energy in global energy consumption. A very small 
amount of nuclear energy is used in “transportation” such as for war ships and submarines, 
the main outlet being electricity generation. This is currently given as a global capacity of 
370 GW, or about 14 percent of total electrical capacity [Prinsloo, 2010]. The International 
Energy Agency in a joint study with the Nuclear Energy Agency (NEA) of the OECD, 
however, showed that by 2050 nuclear energy could be used for generating almost one 
quarter of global electricity. In this way it is a source of low carbon energy and has the 
potential to decarbonise electricity supply, according to the IEA executive director, Nobuo 
Tanaka.  
 
With the emphasis on clean energy and the prevention of CO2 emissions, nuclear power is 
seen to be very attractive as the historical nuclear power accidents of the Three-Mile Island 
(1979) and Chernobyl (1986) are down played by the fact that over five decades and 12 000 
cumulative reactor years an excellent safety record emerged [Marino, 2010]. This view may 
have changed following the Japanese Fukushima Daiichi nuclear power plant incident in 
March 2011. For the U.S., nuclear power plants prevented the emission of about 689 million 
tonnes of CO2, equivalent to the tonnage emitted by all passenger cars in the U.S. in one 
year. 
 
In 2010 there were 436 commercial nuclear power reactors operating in 30 countries around 
the world. A further 200 reactors were planned or firmly proposed [Marino, 2010]. South 
Africa has two nuclear reactors, with a capacity of 900 MW each, at its  Koeberg power 
station. No new plants have been announced as at the date of this dissertation, but there is 
constant speculation in the media on further nuclear power plants for South Africa in the 
near future. Apart from the comment below and those in section 2.4.1, nuclear energy will 
not be further examined as an energy carrier in transportation. 
 
One relationship between nuclear power and biofuels or for that matter between the use of 
electricity and transportation, superficially considered, is through electric vehicles as 
opposed to internal combustion engined vehicles. It is said that electric vehicles are climate 
friendly because they do not emit carbon as they do not emit tail gases. As for plants being 
used as biofuels, the statement is not fundamentally correct because power stations using 
fossil fuel as an energy carrier, will emit climate warming gases and thus indirectly the 
electric vehicle will do so when its batteries are charged. In a study it was, however, found 
that the most common electric vehicles in the U.K.,  the Nissan Leaf, the Mitsubishi-i-Miev 
and the Renault Fluenz EV indirectly produce 75 g carbon emissions per kilometre, 
compared to 208 g from the average U.K. car [Raimes, 2011].  

12.2.5.2  Hydrogen power 

 
Hydrogen is seen as a renewable energy carrier. The world’s first hydrogen plant at a capital 
cost of $63 million was opened in Italy in a town called Fusina near Venice in July 2010. It 
uses hydrogen produced as a by-product from a petrochemical plant and produces 16 MW, 
enough to power 20 000 homes. The investor was Enel Spa [Moloney, 2010, reporting in the 
Wall Street Journal of July 12]. BP Plc is planning a 400 MW hydrogen plant in California, 
although it is said that the capital cost of hydrogen plants for power generation is five times 
that of an equivalent coal fired power plant. 
 
Commercially, for 95% of the world’s capacity, hydrogen is produced from the reforming of 
natural gas. The second method of producing hydrogen gas is through electrolysis where 
electricity is used to pass a current through water to make hydrogen and oxygen. Although 
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hydrogen is the most abundant element on Earth, it does not exist in nature by itself and has 
to be generated by the processes mentioned above. 
 
In what is described as a breakthrough, a company OriginOIL Inc. has developed the 
Hydrogen Harvester process where algae are used in photosynthetic splitting of water 
molecules into hydrogen and oxygen [Austin, 2010]. Patents are still pending, but it is 
claimed to be a direct splitting process. The hydrogen is a supplementary product from 
algae, in addition to biomass and oils. 

12.2.5.3  Solar energy  

 
Solar energy is probably the most important kind of renewable energy as it is available 
globally with relatively small differences in irradiation (a factor of 1,6 between Rome and 
London); there is an unbelievable large amount of energy available (more energy from 
sunlight strikes Earth in one hour than all the energy consumed by mankind in one year); 
and it will be available for the next 4 billion years [Balzani, 2008]. As mentioned before, 3,85 
million exajoules of solar energy reach the earth every year but currently only 487 EJ is 
used. Solar energy is however a diluted form of energy at 170 W/m² and needs to be 
converted to other energy forms such as heat, electricity and fuels. Noteworthy is that South 
Africa has a very high incidence of solar radiance at about 220 W/m² [de Villiers, 2010]. 
 
 Solar energy can be defined to be the radiant heat from the sun, which can be converted 
into other forms of energy such as electricity and heat or concentrated and then converted 
through photovoltaics or thermal technologies [Doris, 2009]. Production of fuel by solar 
energy takes place in nature, but the resulting fossil fuels are produced at a rate 500 000 
times slower than the present consumption rate [Balzani, 2008]. Three main ‘process routes’ 
can be distinguished in harnessing solar energy for the benefit of mankind. 
 
A way of turning sunlight into electricity is through the use of photovoltaic panels, with 
Germany being the world leader with installed capacity of 5,3 GW at the end of 2008 
[Kirschbaum, 2009]. This capacity increased to between 8 508 and 9 108 MW in 2009, 
compared to Spain with 3 283-3 323 MW and Italy with 900 MW [Kovalyova, 2010]. The total 
installed capacity for the world at the end of 2008 was 15 GW, equivalent to three large coal 
or nuclear energy power plants. Solar photovoltaic panels (PV) have an energy efficiency 
conversion of 10 % to 20 % [de Villiers, 2010]. 
 
Utility companies, for example in California, U.S.A., presumably for such reasons, allow 
rebates covering 15 to 20% when solar PV is installed. Federal tax credits can also be 
obtained, amounting to a further 30% [Gunther, 2009]. Solar power still provides only 0,5 
percent of global installed electricity capacity [Reuters, 2010]. Despite subsidies and 
impressive growth of 40% per year, it can be seen that  global solar voltaic power is not 
competitive with other forms of energy carriers. The cost of solar-powered electricity is about 
17 US cents per kilowatt hour (kWh), compared to about 15 US cents for offshore wind; 7 
cents for coal and nuclear power and 6 cents for gas [Reuters, 2010]. 
 
Secondly, solar thermal energy uses the sun’s heat mainly to generate electricity. This 
technology is deployed more so in desert locations to generate electricity [Gunther, 2009]. 
The technology is known as concentrated solar power (CSP) and it is said that it can achieve 
grid parity (the condition where technology’s costs are at the level of conventional power) at 
peak demand. CSP plants collect sunshine to boil water or use other heat transfer fluids to 
drive an electricity generator [Roberts, 2010]. 
 
 It is estimated that the abovementioned technologies can produce 9 000 terawatt hours of 
electricity by 2050, which will be about a quarter of global demand [Roberts, 2010]. In the 
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process the International Energy Agency (IEA) estimates that carbon emissions will be cut 
by almost 6 billion tonnes. PV installations and CSP plants will provide roughly equal 
amounts of electricity.  Solar power output was estimated to be 37 TWh, almost all of it from 
PV installations, for 2010. 
 
Reported separately in statistics on renewable energy, the third mechanism on the use of 
solar energy is the heating of water. In 2008 the existing solar hot water capacity was 145 
GWth (thermal hours) [Martinot, 2009]. 
 
A variation on the heating of water is to install concentrating collectors which direct the 
sunlight onto an absorber via a reflector, making it possible to convert the solar radiation into 
hot water with a temperature of 200 ºC [Salton, 2010]. The extreme water temperature 
drives absorption refrigeration machines, which can cool down products like wine or milk as 
in the MEDISCO project (MEDiterranean food and agro Industry applications of Solar 
Cooling technologies). Two institutions are doing research on this application; the 
Fraunhofer Institute for Solar Energy Systems (ISE) in Freiburg, Germany, and the 
Polytechnic University of Milan (project funded by the European Commission).  

12.2.5.4  Geothermal energy 

 
Introduced in the section on natural phenomena, geothermal energy is classified as 
renewable energy as it uses the Earth’s interior heat, as opposed to the solar mechanisms, 
described earlier. Unlike wind and solar resources with capacity factors of 20-30 percent, it is 
not dependent on weather fluctuations and climate changes [Glitner, 2008]. It has the largest 
carbon emission reduction potential in its direct use as it does not generate greenhouse 
gases and is the only real base-load capacity alternative to fossil fuels, like coal or oil. Its 
usefulness and capacity factor are illustrated in considering a 50 MW installation in the U.S. 
which provides an electricity supply for 38 000 households, compared to wind at 15 000 
households and solar photovoltaic at 10 000 households respectively [Glitner, 2008]. 

12.2.5.5  Wind energy 

 
Wind energy can be defined to be the extraction of kinetic energy from the wind for 
conversion into electricity or mechanical energy such as wind mills.The total installed 
capacity of the IEA Wind member countries was 111 508 GW in 2009 compared to 91 771 
GW in 2008, the increase being 23% [Weis-Taylor, 2010]. The main areas where wind 
power is exploited are Europe and the U.S. For China wind power usage increased from 12 
GW in 2008 to 25 GW in 2009, the planned installed capacity being 150 GW in 2020 [EERE 
news, 2010]. The 25 GW in China matches that of Germany [Daily, 2010]. Overall, for the 20 
IEA wind power member countries, wind generation as a percentage of national electricity 
demand is 2.3%. 
 
Reporting capacity as 111 508 MW, it is estimated that 287 170 jobs were provided by the 
wind power industry and the economic impact was €37 062 million in 2009. Wind electricity 
costs in Denmark were estimated to be 30 to 50 €/MWh in 2009. For offshore plants in 
Finland, the production cost could exceed €100/MWh compared to the Nordpool average 
spot price of €37/MWh in 2009 [Weis-Taylor, 2010].  
 
For the U.S. some 5 700 wind turbines were installed during 2009, adding 10 000 MW of 
wind power capacity for a current total of 35 000 MW. The U.S. is in the top spot on wind 
power capacity globally, growing at 39 percent on average during the last five years, albeit 
that current capacity is only 1,8 percent of the country’s power requirement. In 2009 wind 
generation increased by 27% [Krasny, 2010]. Still one megawatt of power (in this case from 
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wind as the energy carrier) provides enough power for about 800 U.S. households [Daily, 
2010]. 
 
According to the American Wind Energy Association (AWEA), the industry employs about 85 
000 people. The largest two wind energy companies are Nexttra Energy Resources in the 
FPL group and Iberdrola Renewables respectively. The senior vice president of the latter 
company, Don Furman, ascribed the phenomenal growth rate for the wind energy industry to 
the U.S. federal fund grant system allowing developers who had already built projects, to be 
reimbursed for 30 percent of their construction costs [Daily, 2010]. Looking at the latest 
offshore project announced for Cape Wind in Horseshoe Shoal, Nantucket Sound, near the 
islands of Martha”s Vineyard in the U.S., an area of 62 square km will house 130 wind 
turbines generating 420 megawatt. These statistics can be applied to calculate the potential 
for wind farms elsewhere. 
 
For South Africa, where the aim is to secure 25% of its energy use from renewables by 
2025, research by the South African Wind Energy Association (SAWEA) claims that 80% of 
this energy can be made available by wind farms. The SAWEA submission was in response 
to the integrated development plan (IRP) inputs as was required by the South African 
government for promulgation by September 2010. It is projected by SAWEA that 30 000 MW 
of wind power production facilities can be installed by 2025 so as to provide a minimum 
output of 7 000 MW per day [Williams, 2010]. This contrasts with an insignificant capacity at 
present and a target of 400 MW envisaged in the December 2009 version of the IRP. It is 
also said that wind power can be made available at R1,25/kWh compared to peak hour 
generating costs of R3/kWh to R4/kWh. Employment opportunities associated with this 
planned capacity are projected to be 40 000, with some 12 000 jobs seen in rural areas. 
 
As part of the World Bank loan that Eskom received in 2010, some R2 billion was allocated 
by the International Bank for Reconstruction and Development to fund the 100-MW Sere 
wind farm near Skaapvlei, 160 km from Cape Town and a 100 MW CSP project near 
Upington in the Northern Cape. For the Sere wind farm 40 to 50 wind turbines with 
capacities between 2 and 2,5 MW will be constructed over an area of 25 km², sufficient area 
to also accommodate 200 MW at a later stage [Creamer, 2010]. 

12.2.5.6  Hydro power 

 
Hydro electricity is derived from the movement of water and defined in a conventional hydro 
plant to be the power produced from the natural streamflow as regulated by available 
storage [Doris, 2009]. It is considerably influenced by phenomena such as rainfall patterns 
and climate change. 

12.2.5.7  Wave power 

 
Wave power is recognised in this research as another source of renewable power, be it from 
tidal or wind generated waves or from sea currents. More broadly defined, marine and 
hydro-kinetic technologies are still in the emerging stage but are receiving more attention 
whether as ocean waves, tides, currents, thermal gradients or even free flowing rivers, 
especially where these potential sources are close to electricity demand centres. 
 
On wave power, the world’s largest and most powerful tidal power turbine was assembled at 
Isleburn Engineering in Invergordon, Scotland and would have been placed in the sea in 
Orkney, Scotland towards the end of 2010. It can generate 1MW of predictable power at a 
water velocity of 2,65 m/s, weighs 1 300 tonnes, has twin rotors with diameters of 18 m, a 
height of 22 m and is expected with its fixed pitch blades to have no detrimental effect on the 
environment [Ridden, 2010]. 
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12.2.6 Conversion of “renewables” 

  
In broad terms there are three main options for the conversion of renewables, thermal, 
chemical and biotechnological. Examples of thermal conversion are combustion (energy, 
CO2); chemical (sugars and polyols from carbohydrates, phenolics from lignin, alcohols and 
acids from vegetable oils); biotechnological (ethanol, 1,3 propanediol, lactic acid, citric acid, 
vitamins, cysteine, lysine) [Citterio, 2008]. 
 
Combustible renewables comprise solid biomass, liquid biomass, biogas, industrial waste 
and municipal waste. Biomass is defined as any plant matter used directly as fuel or 
converted into fuels (e.g. charcoal) or electricity and/or heat. Included are wood, vegetable 
waste, crops used for energy production, ethanol, animal wastes and sulfite lyes [IEA, 2008]. 
In the U.S. the Biomass Research and Development Act defines biomass to be any organic 
matter that is available on a renewable or recurring basis, including agricultural crops and 
trees, wood and wood wastes and residues, plants (including aquatic plants), grasses, 
residues, fibers, and animal, municipal, and other waste materials [Kimes, 2007]. 

12.2.6.1  Biomass 

 
Biomass utilisation and the biorefinery concept are seen to be the key to a third industrial 
revolution in producing bio-energy and biomaterials, although it is recognised that the bio-
based economy is at an early and high-risk stage [King, 2010]. In a report for the World 
Economic Forum on the future of industrial biorefineries, it is pointed out that the biomass 
value chain could create $295 billion in revenue potentials by 2030. Such potential 
comprises revenue from the following streams [Elliot, 2010]: 
 

 Agricultural inputs $15 billion 

 Biomass production $89 billion 

 Biomass trading $30 billion 

 Biorefining inputs $10 billion 

 Biorefining fuels $80 billion 

 Bioplastics $6 billion 

 Biomass power and heat $65 billion. 
 
Biomass consists mainly of long cellulose fibres embedded in an amorphous matrix of 
hemicellulose and lignin. The repeating unit in the cellulose chains is cellobiose (glucose-β-
1,4-glucopyranoside). Cellulose is a polymer with an average molecular weight of 100 000 
[Goyal, 2008]. The chains are tightly packed together with insoluble hydrogen-bonded 
crystalline regions alternating with amorphous regions. Hemicelluloses are shorter molecules 
consisting of a mixture of sugars and sugar derivatives. Lignin is a complex three-
dimensional polymer formed by polymerization of aromatic monomers forming a matrix 
around the fibres  [French, 2009] . 
 
Resulting from the insoluble nature of the crystalline regions and the presence of lignin, 
enzymic or non-enzymic hydrolysis of cellulosic material to its component sugars is difficult 
and despite its abundance, cellulose is not an economically attractive source of glucose 
compared to starch. Cellulose accounts for about 40% of the planets total photosynthesis 
yield (about 1,8 trillion tonnes/year) but it has not been utilised as a chemical resource thus 
far [Chementator, 2006]. The sugars in hemicellulose also cannot be used by most 
industrially useful organisms. Lignin has to be disrupted before hydrolysis, thus biomass 
degradation presents unique difficulties. Naturally occurring micro-organisms do not fulfil the 
role of an ideal biofuel producing micro-organism to make the conversion of biomass to fuels 
and chemical feed stocks an economically competitive process [French, 2009]. Research is 
aimed at developing consolidated bioprocessing in which an organism produces cellulases, 

Stellenbosch University http://scholar.sun.ac.za



500 
 

assimilates the sugars released and produces the desired product, be it ethanol or some 
other fuel or useful chemical compound [French, 2009, quoting Lynd et al, 2002]. If not one 
organism, plant derived cocktails, such as those produced by Daniells for turning discarded 
orange peels into ethanol, is a way forward. In the U.S., discarded orange peels could create 
about 200 million gallons of ethanol each year  [Kotala, 2010]. 
 
Biomass has been used for energy since the early days of humanity and today 52% of the 
population of the developing world, including 575 million people in sub-Saharan Africa, rely 
on traditional biomass, particularly fuelwood and charcoal, for their household energy  [IEA, 
2006]. Although in terms of global energy consumption at 1% of fuel used for road transport, 
a particular form of biomass-based energy, fuels, has been growing at an unprecedented 
pace over the last two decades. This growth for first generation biofuels is recognised and 
shown as a figure of 1,8%, quoted as a percentage of total transport fuels used in 2007 
[Bringezu, 2009, quoting OECD/FAO, 2008]. Modern biomass use, however, constitutes only 
a negligible share of total global energy consumption [Bringezu, 2009]. 

12.2.6.2  Biogas 

 
Biogas is primarily composed of methane, a greenhouse gas 20 times more potent than 
carbon dioxide [Ryan, 2010]. This energy carrier is commercially largely generated through 
digesters operating at livestock facilities, sewage plants and from households in parts of the 
developing world. It can be used to produce electricity, heat or hot water and has huge 
potential if implemented in management systems. In the U.S. alone, if the 8 000 farms that 
are good candidates for biogas generation, are equipped, methane emissions would be 
reduced by 34 million tonnes of carbon dioxide equivalent, which is equal to the annual 
emissions from 6,5 million passenger vehicles. 
 
 Some figures for thermal energy production is available for a biogas cogeneration plant that 
has been successfully operating since mid 2009. Converting the manure collected from 4 
000 cows and using a Jenbacher gas engine, the plant produces 686 kW of thermal energy 
and 625 kW electricity. In the process 18 000 tonnes  CO2 a year are not produced and the 
equivalent of 1,2 million m³ of natural gas saved. The biogas cogeneration plant is owned by 
the Ukranian Milk Company and is located near Kiev in Ukraine [Bioenergy Insight, 2010]. 

12.2.6.3  Biofuel 

 
Biofuel is a renewable energy source available from natural (biobased) materials, which can 
be used as a substitute for petroleum fuels [Demirbas, 2009]. The term biofuel is used when 
referring to solid (bio-char), liquid (ethanol, vegetable oil and biodiesel), or gaseous (biogas, 
biosyngas and biohydrogen) fuels that are predominantly produced from biomass [Demirbas, 
2009]. 
 
It is argued that the term biofuel should only refer to fuel produced from waste processes 
such as landfill off-gassing, recycled vegetable oil or small sustainable production for local 
use. When the biofuel is produced from an agricultural crop through, for example, large-
scale mono-culture plantations, these fuels produced directly or indirectly from the crops, 
should be called agrofuels [Rice, 2010]. This approach stems from the sensitivities around 
the impact of producing biofuels, in particular the controversy on the environmental benefits 
resulting from replacing fossil fuels with biofuels. In this dissertation, however, the term 
biofuel will be used.   
 
Ethanol is produced by fermenting sugars. As mentioned above, with more unit processes, 
plants and other biomass residues can be processed into fermentable sugars. The cellulose 
and hemicellulose can be broken down into fermentable sugars by either acid or enzymatic 
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hydrolysis and the fermentable sugars into fuel quality ethanol, generally termed “cellulosic 
ethanol” [EIA, 2007]. Lignin can be burned for steam or power generation. In 2005 the 
capital cost estimate for a cellulosic ethanol plant with a capacity of 50 million US gallons per 
year was $375 million dollars compared to a corn-based plant (maize) of similar size at $67 
million [EIA, 2007].  
 
The world leader in the utilisation of renewable energy compared to fossil based energy is 
Brazil. According to statistics from oil producer BP, Brazil’s energy supply in 2008 was 36 
percent renewable compared to 5,2 percent renewable for the combined 30 – member 
OECD group of advanced industrial economies [Teixeira, 2009]. 

12.2.7 Relationship between fossil derived energy and renewable energy 

 
An essential difference between fossil based energy and renewable energy is founded on 
the carbon cycle. The CO2 released in the combustion of fossil derived fuels was captured 
during the processes when the fuels were formed by the deposition and compression of 
substances forming oil [Coronado, 2009]. For renewable fuels through photosynthesis, the 
CO2 released during combustion derives from the CO2 in the capturing process and no net 
CO2 is released into the atmosphere. 
 
The relationship in reality is far more complex than that put forward by the protagonists of 
renewable and clean energy. In fact, as emissions from activities like deforestation and 
degradation (REDD) are not counted the “myth of carbon neutrality” is perpetuated [Smolker, 
2010]. The amount of CO2 released on burning is reabsorbed by new growth of biomass 
containing species as pointed out in the article published in Science entitled “Fixing A Critical 
Accounting Error” [Smolker, 2010]. On average it takes between 75 and 93 years for the 
benefits in switching to biofuels from a forest to materialise [Hickman, 2010]. 
 
In a similar vein, ‘renewable’ does not mean that carbon is free. This means that biofuel 
production must generate and use “additional carbon” which means carbon that plants would 
not otherwise absorb or that would be emitted to the atmosphere anyway. “The failure to 
distinguish ‘additional’ carbon from carbon already absorbed or withheld from the 
atmosphere (also) leads to large overestimates of global bioenergy potential”  [Searchinger, 
2010].  
 
There is mounting evidence that biofuels do serious harm to the climate according to reports 
leaked from European Commission sources [Harrison, 2010; Dunmore, 2011]. This is 
associated with indirect land use and by burning forests to clear that land, which then pumps 
vast amounts of climate-warming emissions into the atmosphere. A once-off release of 
around 200 million tonnes of carbon due to land use changes for biofuel production equates 
to the annual fossil fuel emissions for a country like Germany. 
 
Firstly, it is said that the world is confronted with the twin crises of fossil fuel depletion and 
environmental degradation, both of these being linked to the indiscriminate extraction and 
consumption of fossil fuels. The reserves of fossil fuels are finite and concentrated in certain 
regions of the world [Singh, 2010]. Secondly, advantages of biofuels are that they are 
available from common biomass sources, they represent a carbon dioxide cycle in 
combustion, they offer many benefits to the environment, the economy and consumers and 
they are biodegradable and contribute to sustainability. The benefits include greenhouse gas 
reductions, diversification of the fuel sector, additional markets for agricultural products and 
job creation [Demirbas, 2009]. 
 
It cannot be ignored however, that biofuels are more costly to produce than petroleum fuels, 
as is discussed in greater detail in other chapters, in particular in Chapter 7. It follows that 
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market fundamentals can undermine the best of intentions in using biofuels. A case in point 
is Brazil where a huge oil find will be sufficient to provide the world with oil for a few years. In 
the mean time, Brazil developed a green energy matrix for its energy needs, but at the same 
time is now contemplating legislation to enable capitalization plans to exploit its oil reserves 
found in the last decade [Teixeira, 2009]. If these conflicting goals are not balanced, Brazil 
will fall into the same trap as the oil rich nations who based their economies on their oil 
riches, including selling fuels cheaply, and failed to build their economies. 
 
As is discussed in Chapters 4 and 7, a factor driving biofuels expansion are the policies 
associated with subsidisation of biofuels. Although the biofuel industry is small with 
production at 1,6 Mb/day, it being 2,4 – 2,5 percent of global liquid fuels production in 2014 
(IEA estimates), it has a substantial impact on the oil industry. The three ways in which the 
biofuels industry impacts the oil industry are that firstly, the loss of product sales volumes 
impacts the requirement for crude production or crude purchase. Secondly, the loss of 
refinery profitability, particularly as refining capacity was greater than sales requirements in 
2009. During 2010 the unused global refining capacity was close to 20 percent [Creamer, 
2010]. Thirdly, the addition of a lower cost biofuels blend stock (a consequence invariably of 
a subsidisation programme) lends to reduce the profitability of fossil fuel sales as the 
producing oil companies buy in biofuels [Roberts, 2010]. 

12.3 WORLD PRODUCTION OF ENERGY 

 
In section 2.1, it was stated that mankind, and for that matter all other forms of life, evolved 
because energy is available in some form or another. Every discipline will have its own 
definition of energy, whether it be the the equation E=mc² or the classic dictionary definition 
that energy is the power by which anything acts effectively to move or to change other things 
or accomplish any result [Funk & Wagnalls, 1970]. Also in section 2.1 the global energy 
demand was indicated. This energy is available in many forms, be it chemical energy or 
potential energy or kinetic energy, again in definition dependant on the user. Also in section 
12.2.2 photosynthesis was discussed, where a photo synthetic organism has the capacity to 
convert light energy from the sun into chemical energy [Tait, 2011]. 
 
For this section, the focus will be on  the trends in the use of energy carriers, more 
particularly those known as fuels in primary energy supply. It is necessary to have some idea 
of these trends as there is a relationship between the different energy carriers and an 
increased use of, for example, the use of nuclear energy for transportation that may 
influence the use of biodiesel, to name but an extreme example. In Figures 12.14 and 12.15 
trends in the growth in the use of primary energy by form is given as it occurred over a few 
decades. 
 
Figure 12.14 reveals that supplies of coal/peat, oil and gas grew steadily over the period 
whereas Figure 12.15 indicates that in the total supply having just about doubled in the 
period from 1973 to 2006, the most outstanding growth happened with the supply of nuclear 
energy, although it has a small base compared to coal and oil. It can be assumed that this 
growth had mostly to do with the generation of electricity. Oil on the other hand, has a bigger 
role in the transportation sector and it can be seen that renewables supply remained steady. 
It was mentioned that especially in the 10 years up to 2007, there was a phenomenal 
expansion in biodiesel capacity, but as it is from such a small base, it does not feature in the 
statistics. The use of gas grew dramatically, and this trend can be expected to continue and 
influence the amount of other energy carriers used. This is due to the technologies 
associated with the recovery of gas from shales, to the extent that OPEC states that there 
are increasingly abundant resources, although the world used 30 billion barrels of oil in 2010 
[Kemp, 2011]  
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 **Other includes geothermal, solar, wind, heat, etc. 
 
 
Figure 12.14  World energy supply by different energy carriers [IEA, 2008] 

 
 
 
       
     

 
 
 
Figure 12.15  Comparison between 1973 and 2006 for different energy carriers [IEA, 2008] 
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12.4 THE DIFFERENT ENERGY SECTORS 

 
A summary of oil reserves, supply and demand can be schematically presented as depicted 
in Figure 12.16 [Roberts et al., 2010]. 
 

 
Figure 12.16  Schematic of oil reserves, supply and demand [Roberts et al., 2010] 

12.4.1 Power 

 
Power, mostly in the form of electricity, is probably the most important energy source in 
industrialised countries. The electricity is generated from burning fossil fuels like coal, natural 
gas and oil or using the energy from nuclear, wind, biomass, solar power and hydro power 
plants. Nuclear energy provides about 15% of the world’s electricity, and at the beginning of 
2011 there were 440 nuclear reactors in operation in the world. A concern about electricity, it 
being to a large extent generated from fossil fuels, is that decarbonisation of electricity has to 
take place if the world is to have any chance of staying within the 2 percent goal for limiting 
the effects of global warming [PWC LLP, 2010]. 
 
For South Africa, coal accounts for about ninety percent of the electricity generated 
compared to the fifty percent in the U.S. which has some 406 coal-fired plants. In the year to 
March 2011, South Africa burnt 124,7 million tonnes of coal and emitted 230 million tonnes 
of carbon dioxide. The only nuclear plant in South Africa has an output of 1 800 Mw 
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compared again with 104 nuclear reactors in the U.S. producing 20% of that country’s 
electricity. At present, natural gas is not a source of electricity in South Africa, compared to 
498 natural gas fuelled plants in the U.S. [Wassel, 2009]. Furthermore, South Africa has two 
open cycle gas turbine plants, using diesel as the energy source, two pump storage 
schemes and some gas and hydro capacity. 

12.4.2 Heat 

 
Being not as industrialised or urbanised as countries in the developed world and having a 
milder climate, the production of heat for buildings, whether from electricity or another 
energy source, is not an important feature of the South African energy use mix in a first 
world context. Air conditioning, as well as the use of electricity for cooling in the mines, can 
not be ignored, but is not significant compared to the thirty percent of energy demand in the 
U.S. as heat for buildings and industrial processes [Wassel, 2009]. On the other hand, for 
the third world component of South African society, the heat from biomass and in the urban 
residential areas, coal, is as important as in other third world countries. 
 
The heating value of a fuel is specified for its use as heating oil. If biodiesel is used as a 
heating oil in Europe, it has to have a High Heating Value (HHV) of 35 MJ/kg in accordance 
with EN 14213. In general HHV increases with increasing hydrocarbon chain length and 
decreases with increasing unsaturisation, which for fuel consumption purposes means the 
higher the heating value, the lower the fuel consumption [Canoira, 2010]. Diesel fuel of fossil 
origin has a heating value of 45 MJ/kg. 
 
On heating oil, New York City alone consumes 1 billion US gallons of heating oil annually, 
more than any other city in the United States [Voegele, 2010]. Heating oil consumption is 
important in the context of replacing fossil fuels with renewable fuels, the legislation in New 
York City calling for 20 million US gallons of peoleum to be replaced with an eqal volume of 
renewable, sustainable, domestically produced biodiesel in the city, the iniative being called 
’Bioheat’ and supported by the New York Oil Heating Association (NYOHA) and New York 
City Council’s Environmental Protection Agency. 

12.4.3 Chemical processes 

 
Oil is the feed stock for a vast number of chemicals produced by the petrochemical industry. 
As an example, a product from this industry is synthetic rubber or petroleum based isoprene 
where about 800 000 tonnes were produced in 2008. This amount of isoprene was used for 
the production of tyres for the automotive industry (60%), adhesives (30%), and medical and 
personal care products [Lane, 2011 (May 4)] 
 
There is a demand for oil as a petrochemical feed stock coupled to the increase in living 
standards and the use of hydrocarbon based materials. Such demand is associated with 
more so the standards of living of the world’s urban populations. It seems that an accepted 
figure for this category of consumption is about 35 million barrels/day  [Roberts et al., 2010]. 

12.4.4 Transportation 

 
Transportation, which today relies almost exclusively on oil, accounts for nearly 30 percent 
of U.S. energy demand [Wassel, 2009]. For the EU the aim is to get about a tenth of the 
road fuels used by their 500 million citizens from renewable sources by 2020 [Harrison, 
2010]. Already the EU biofuels industry is worth €500 billion a year. 
 
Transportation is handled more comprehensively in Chapter 3 but on the demand for oil, it is 
estimated that ground transportation alone will take care of about 100 Mb/day by 2050 
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[Roberts et al., 2010]. One of the products from refineries, jet aircraft fuel, is getting 
increasing attention though, in that various airlines are testing biofuels from different oil 
seeds derived products, the feed stocks which could be the oils derived from sources such 
as pennycress or jatropha. This could be due to IATA directives aimed to stimulate 
increased use of renewables for aircraft jet engines by 2020. For South Africa, another issue 
in the use of a relatively large volume of fuels by SAA, is that it will need to formulate an 
approach to the pending introduction of carbon penalties that can significantly increase its 
operational expenses. The sensitivity on this approach stems from the fact that CO2 

emissions amount to 108 g/km per passenger travelled.  
 

12.5 THE POLITICAL AGENDA ON ENERGY 

 
The link between economic growth and energy has been a fundamental reason for 
governments and politicians to focus on the availability of the latter. In particular, liquid fossil 
fuels are not globally geographically distributed whereas many forms of renewable energy 
are or could be. Consequently many governments have set targets and effected policy to 
stimulate the expansion of liquid fuel capacity. It is said that the biofuel substitution in energy 
budgets are driven by concerns about high oil prices, prospects for rural development, 
export opportunities and means to mitigate climate change [Cotula, 2008]. 
 
Lately there has been increasing action and attention by politicians and governments on 
climate change and other environmental concerns to do with the use of energy. On carbon 
emissions, however, there are growing doubts on the efficacy of biofuels. This will be 
discussed later in the context of land use changes. It also seems that biofuels production 
facilities are responsible for the generation of a range of new air- and water- related 
problems in addition to concerns raised over human health. This has prompted the Canadian 
Government to commission a study on the environmental impact of making ethanol and 
biodiesel at the beginning of 2010 [Nickel, 2010]. 
 
 Although various other reasons are advanced for individual countries, compelling reasons 
for governments to pursue a switch from oil to biofuels, according to a recent study, are 
threefold [Cotula, 2008; quoting Dufey et al., 2007]: 
 

 Energy security: With oil at over $100 per barrel and future supplies uncertain, 
countries are seeking alternative energy sources to increase long-term energy 
security and reduce energy import bills. 

 Rural development: A new and profitable land use will provide better opportunities 
and long-term security for farmers and employees, plus – if processing facilities are 
near farms – for value-addition to profit rural areas. 

 Export development: For countries with favourable endowments of land, labour and 
trade conditions, biofuels are an opportunity to develop new export markets and 
improve their trade balances. 

 
A key driver to implement government policy on stimulating the market for biofuels has been 
through legislation to establish mandatory targets for the use of biofuels in transportation 
fuels. Secondly, policies have also provided financial incentives such as tax breaks and 
subsidies to promote the use of biofuels [Cotula, 2008]. These policies may not have the 
desired effect with reference to food security and rural development. Also, there has to be a 
distinction between policies for the developed world and the developing world. A reason for 
this stance is that for example Africa, with an estimated population of around 900 million 
people, has among the lowest per capita greenhouse gas emissions, but will suffer more 
severely than developed countries from the effect of climate changes [EJF, 2009]. 
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For the developed world where the drivers are the reduction of greenhouse gases, energy 
dependency and urban pollution, it is concluded that the small benefits in promoting large 
scale biodiesel production would not be enough to offset the costs in terms of land 
requirements. Rural development remains the only sound reason to promote biodiesel 
production, but there are more sound strategies that could be pursued to create 
employment, such as supporting organic agriculture [Russi, 2008]. 
 
The issue of climate change and global warming with reference to greenhouse gases will be 
discussed in more detail in section 12.6. Also in Chapters 4 and 7 on the economic 
feasibility, policy matters get more attention. Policies in Canada, the U.S. and the EU to 
lower CO2 by 15 to 27 millions tonnes a year by 2015 are estimated to cost up to US$25 
billion a year, meaning that it costs between US$960 and US$1 700 per tonne of GHG (CO2 
equivalent) saved. In all cases the fossil energy savings are less than 3% and more so less 
than 1,5%, relative to transport fuel use [Von Lampe, 2009]. 
 

12.5.1 Energy security 

 
There is widespread acceptance that society has to acknowledge the addiction to fossil fuels 
which in the U.S. has been seen to harm national security, the economy and the 
environment for decades. The twin challenges are seen to be energy security and climate 
change [Foley, 2008].  
 
A topic that is receiving less attention is the domestic energy needs of the poor which by 
definition will exclude transportation and thus the development of biofuels in and for this 
sector. There is, however, a dependence on biomass for energy by the poor for household 
use [Ewing, 2009]. If monoculture is practised for biofuels after clearing the land and 
depleting it from biomass, the energy source for the poor will disappear.   
 

12.5.2 Food security and the energy versus food security debate 

 
It is said that food security has multiple dimensions – availability, access, stability and 
utilisation – and a key determinant of all these is how access to land is distributed and 
controlled within society [Cotula, 2008; quoting FAO, 2007]. Whereas before palm oil and 
soy beans were major cash crops, through the biofuels boom another variable which is at 
the interface between energy and food was introduced. An artificial demand was created for 
these major cash crops through legislation, mandatory targets and incentives from 
governments. Products traditionally used in the food chain now had other uses and land 
dedicated for food cash crops now had another use with less food being produced and land 
costs escalating for utilization for these more profitable products. The main effect of the 
mandatory targets and incentives is that irrespective of market conditions, the boost in prices 
for maize and vegetable oils as feed stocks for biofuels, in turn raised the prices for these 
products as food commodities [Kovalyova, 2010]. 
 
At present, global agricultural systems have to provide for the food needs of a global 
population of some 6 billion people, with about 70 million people added to this number every 
year. It is predicted that to keep up with the demands for food, the agricultural production of 
the planet will have to double, and perhaps triple, in the next thirty to forty years, to feed 
some 9 billion people [Foley, 2008]. Furthermore the Food and Agriculture Organization 
(FAO) estimated that the world needed to invest $83 billion a year in agriculture in the 
developing world and raise overall output by 70% over the next forty years to feed over 9 
billion people in 2050 [Kovalyova, 2010]. 
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If this subject is explored in more depth, it can be said that food scarcity and the explosion of 
the world population are the two biggest crises facing humanity in the 21st century. Coupled 
to these major issues are global warming, the upward pressure on oil prices related to oil 
supply peaking, the increases in food prices and the spreading of hunger and poverty from 
rural areas into cities [Smith, 2008]. Information supporting the potential crises of 
apocalyptical magnitudes is that more than 73 million people in 78 countries were receiving 
food handouts from the United Nations World Food Programme (WFP) during 2008, albeit 
reduced rations because of higher food prices and increasing scarcity. Secondly, the 
increases in food prices triggered a food crisis in 36 countries with tortilla riots in Mexico, 
food rationing in West Bengal, food price protests in Africa and ever increasing malnutrition. 
Whereas it could be argued that food prices declined during 2009 because of the global 
recession, the overall trend is upward as global food prices have risen by 75% and wheat by 
200% between 2000 and 2008. In 2008 rice and soya beans prices reached record highs 
with maize being at its most expensive in 12 years. Studies indicate that food prices are 
expected to continue to rise over the next decade in response to biofuel consumption targets 
adopted in the U.S. and the EU [Ewing, 2009]. 
 
What is referred to as the spike in prices that caused the first global food crisis in 30 years in 
2007-08, is seen by agricultural commodity analysts such as Emmanuel Jayet from Société 
Generale in Paris, to still be a trend despite global favourable weather and increased 
acreage used for crops in 2010. This may have steadied, if not lowered food prices and 
somewhat replenished the world’s granary [Farchy, 2010]. This is because lasting solutions 
like a revolution in farming technology or curtailing population growth are not on the table. 
The concern is that global food consumption is growing and not matched by increased food 
production. 
 
A World Bank report tried to put the 2006-08 commodity price boom into perspective by 
listing numerous factors and concluding that the effect of biofuels on food prices had not 
been as large as originally thought. There is a stronger link between energy and non-energy 
commodity prices than previously thought and price indices are still twice as high compared 
to their 2000 levels [Baffes, 2010]. The six factors were seen to be low past investment in 
extractive commodities, a weak dollar, lax monetary policy in many countries, the 
combination of adverse weather conditions and the diversion of some food commodities to 
the production of biofuels, and lastly, investment fund activity referred to as “financialization 
of commodities.”  The financial crisis in September 2008 and global economic meltdown 
were seen by the World Bank to have induced price declines, although in general price 
variability seems to overwhelm price trends. 
 
Various attempts were made to predict the influence of biofuels expansion and likely effects 
of biofuels consumption on agricultural product prices. The Overseas Development Institute 
(ODI) summarised 11 (eleven) of these studies finding that the effect was a significant 
impact on food prices, the prices being higher. Furthermore, the studies predicted that wheat 
prices would rise 21% to 30%; maize prices 29% to 41% and oil seeds prices 45% to 70%, 
all by 2020 [Rice, 2010]. In particular these increases were predicted from an International 
Food Policy Research Institute model which showed that the impact on food supply and 
malnutrition, particularly in Africa, could be alarming. It is estimated that the number of 
hungry may rise by 16 million people for every 1% rise in food prices. This extrapolates to 
600 million more people being hungry within 10 years because of industrial biofuels 
expansion [Rice, 2010]. 
 
From a study on maize prices in Southern Africa as depicted in the Figure 12.17, for most of 
the countries prices did not level off after the recession and when oil prices declined. The 
interesting conclusion from studying the graph is that the South African price followed the 
international price. This is also the case with oilseeds as mentioned in Chapter 5. The 
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reason for this behaviour in crop prices is that by comparison, this sector can be related to 
the developed world, as opposed to the rest of Africa. 
 
Secondly, in Southern Africa, on production and consumption of maize, South Africa uses 
about 8 to 9 million tonnes of maize per year, compared to Lesotho with a consumption of 
about 344 000 tonnes and Swaziland with about 140 000 tonnes. For the 2009/10 season 
South Africa’s production of maize was 12,8 million tonnes, the biggest crop in three 
decades [IRIN, 2011]. 
 
 A first approach to estimating a feed stock price will then be to compare it with prices, as for 
example, the Chicago Board of Trade prices (CBOT) and add on costs as is done in Chapter 
5. 
 

 
 
Figure 12.17  Maize prices in East and Southern Africa between 2007 and 2009 [Rice, 
2010] 
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Whereas before 1992 mainly rape seed from land withdrawn from food production in Europe 
was used for biodiesel production and very little land was used for ethanol production, 
decrees, legislative and incentive measures require that for the European Union (EU) 20% of 
transport fuels and for The United States (U.S.) 15% of transport fuels will need to come 
from biofuels by 2020. To meet those goals, half of the U.S. and EU food crop land will need 
to be devoted to energy crops. For the EU this means that 5,2 million hectares will be 
needed for biofuels by 2020, an area bigger than the Netherlands [Harrison, 2010]. This 
demand is being displaced onto the developing world with potentially disastrous results 
[Keim, 2007]. The twist in this approach is that the land being made available in the 
developing world for first generation biofuels could be used for food production. In both 
cases biodiversity is destroyed as the land use change is also done for urbanization and 
mining or recreational uses.  
 
In another estimate the Dutch Environment Assessment Agency stated that globally some 
20 – 30 million hectares will be required if biofuels are used to meet the EU 10% target. The 
land may have to be allocated in developing countries and one idea is that this will mean 
2,5-3 million hectares in Indonesia and Malaysia for palm oil; 2-2,5 million hectares of sugar 
cane in Brazil; between 1-2 million hectares of jatropha in Africa and Asia; 8-10 million 
hectares for soy from Argentina and Brazil. This adds to 13,5 – 17,5 million hectares of 
developing country land which arguably could have been used for food production. The 
projected consumption from a source perspective is shown in Figure 12.18: 
 

 
Figure 12.18  EU biodiesel and ethanol consumption by source in 2020 [Rice, 2010] 
 
Considering the estimate used for land needed for biofuels production in the EU, assuming 
the figure is realistic, it is so that in many countries a significant amount of arable land is 
available for producing crops, but not used because of low prices for produce and lack of 
infrastructure. The potential available from unused cropland for food, feed or agro-energy is 
huge globally with in Africa one estimate being over 300 million hectares of potentially arable 
land for both ethanol and biodiesel production [Rathmann, 2010]. What is not addressed is 
to bring the idleness deriving from low profitability into the equation and how to handle the 
costs associated with infrastructure development.    
 
For countries where biofuels are seen to be a way of off-setting the bill for energy imports 
like oil and other fossil fuels, what seems to be not recognised, is the degree to which 
domestic biofuels will impose constraints on available land for the production of food. In turn 
this will cause an increased demand for imports of food which will decrease the benefits of a 
domestic biofuels programme or an export orientated oil seeds or biofuels programme 
[Ewing, 2009]. A case in point is the export drive by countries like Argentina, compared to 
Africa, using land for biofuels but depending on aid for food. 
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Food security is captured by the global hunger index (GHI) and it should be noted that there 
is a correlation between food insecurity and a heavier dependence upon biomass for 
meeting household energy needs [Ewing, 2009]. The GHI is based on the average of three 
indicators: the percentage of population that is undernourished; prevalence of underweight 
in children under 5 years old and the percent of children dying before the age of five years 
[Weisman, 2006, as quoted by Ewing, 2009]. If Figure 12.19 is studied, some important 
conclusions can be drawn: 
  

 Countries with high incidence of hunger and a high reliance on biomass for energy 
such as Tanzania and Mocambique, should seek to maximise welfare either through 
investing in energy technologies with spill over into food production or investments in 
agriculture and energy to expand employment for the poor and food insecure. This 
could lead to less dependence on biomass for household energy [Ewing, 2009]. 

 If policy design cannot ensure that biofuel production does not compete with 
agricultural resources used for food production or might draw resources away from 
other important export revenue-generating activities, then domestic biofuel 
production capacity should perhaps not be developed [Ewing, 2009]. In such a case, 
imports of biofuels could be substituted for domestic production, depending on 
balance of payment considerations. 

 Countries that are relatively food secure with a high demand for fossil fuels and large 
areas of land available will from a socio-economic perspective benefit in replacing 
fossil fuels, create employment and develop biofuel export opportunities. Such 
countries are Argentina, Malaysia, Brazil, Colombia and Equador. 

 

 
 

 
Figure 12.19  Energy demand and food security, non-OECD, non-petroleum exporting 
countries – 2003 GHI; 2005 energy statistics [Ewing 2009] 
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If the American food to fuel problem is considered, in 2009 one-quarter of all the maize and 
other grain crops grown in the U.S. ended up as biofuel in cars. The amount so used was 
enough to feed 330 million people for one year at average world consumption levels [Vidal, 
2010]. By 2012 approximately 30% of the U.S. grain crop will be devoted to ethanol 
production. A two headed beast of good intentions and unintended consequences is rearing 
its head in the form of environmental degradation and higher food prices [Carden, 2010].    

12.5.3 Support to agricultural product suppliers 

 
If the fuel issue is considered in the context of support to agricultural suppliers, it was 
mentioned that in Europe the idea was to use rape seed produced from lands lying fallow 
because of policies aimed at reducing overproduction of agricultural products. In the U.S. oil 
from sources like soybeans was to a certain extent a by-product of the vegetable meal 
industry, producing oilcake meal for animal feedlots. 
 
Noting that the biofuel industry is not as mature as the fossil fuel industry and the concern 
about fossil fuel reserves, measures such as tax incentives were also introduced in countries 
like the U.S. Some of the effects of the various forms of support were that more economic 
security was provided to farmers, plant science research was stimulated and focus was 
placed on an abundant variety of regionally available agricultural by-products for more 
effective utilization [Tauzzi, 2010]. The matter of tax incentives is discussed in more detail in 
Chapter 7. 

12.6 THE ENVIRONMENTAL ISSUE 

 
There is a symbiosis between the environment and renewable fuels. This may be ascribed to 
the perception that growing crops for renewable fuels provide a shorter cycle for CO2 to be 
captured from the air in the photosynthesis process and thus reduce the global emissions of 
this greenhouse gas. Two sobering points in interrogating this perception are that the 
mechanism of the conversion of energy in the form of ubiquitous sunlight into other forms of 
energy, such as fuel and electricity, is the common feature of all renewable energy 
technologies, be it photovoltaic or wind energy technologies. Secondly, a product such as 
biodiesel, with a heating value of 37,8 MJ/kg compared to 43,8 MJ/kg for diesel,  saves less 
than 100% of the fossil fuel energy contained in conventional diesel [Frondel, 2007]. 
 
There is a collective fixation that global warming is the mother of all environmental problems 
and climate change has become the poster child of environmental crises.  What seems to be 
ignored is that a global crisis is looming in land use and agriculture that could undermine the 
health, security and sustainability of our civilisation [Foley, 2008]. Thirdly, the production of 
crops and feed stock are seen to be clean technologies but in the mean time, for example, 
organisations like the Roundtable on Sustainable Palm Oil (RSPO) combining palm oil 
producers, processors and environmentalists, have been formed to certify palm oil to have 
been produced without serious environmental harm [Hogan, 2009 (December 10)]. RSPO 
has its roots in Malaysia and Indonesia who account for at least 80% of the world’s palm oil 
supply, but multinationals like Unilever are also members [Koswanage, 2010]. Fourthly, very 
little is published on the environmental issues around the conversion of feed stocks into 
biodiesel, for example the pollution of water in the purification process in washing the 
biodiesel and in the neutralization of the catalyst in the glycerol stream. 
 
Implementing biofuels certification standards, such as the RSPO initiative, both by origin and 
the farming techniques used, will lessen the criticism associated with issues such as land 
use and management, also on farming techniques, provided these could be done on a 
global basis. 
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12.6.1 Climate changes 

 
There is an exponential increase in the awareness of the effects of using fuels as the energy 
carriers in industrialised countries where economic development is seen to be associated 
with an increased concentration of CO2 in the atmosphere and hence contributing to global 
warming and climate changes [Carioca, 2009]. Interestingly, the discovery of global warming 
has space research to thank – it was while trying to understand why the planet Venus was 
so horribly hot that scientists realised too much carbon dioxide could create a runaway 
greenhouse effect [da Silva, 2009]. The extreme surface temperature (440 ˚C) of Venus can 
only be explained by the high concentration of CO2 in its atmosphere [Richardson, 2009]. 
 
Irrespective of the source of global warming, whether it be greenhouse gases or perhaps 
natural phenomena not associated with an explosive population growth and unimaginable 
advances in health, transport and other consequences of the availability of fossil fuels 
[Heinberg, 2010], there is a limit to the temperature the human being can handle. In 2003 
temperatures increased by 3,5 ºC above the average for the last century and it is estimated 
that 30 000 to 50 000 people died in the European heat wave [Federoff, 2010]. It takes 
energy in the form of air conditioning to ameliorate increases in temperature with the 
resultant effects. These effects are, that with fossil fuels as the energy carrier, the classic 
self-reinforcing (positive) feed back loop is formed [Heinberg, 2010]. 
 
Not only CO2 (carbon dioxide), but all greenhouse gases trap radiation within the earth’s 
atmosphere, causing it to warm. Human activities, such as fossil fuel burning, agriculture, 
deforestation, landfills and biomass burning are the major emitters, the most prevalent long 
lived greenhouse gases being water vapour, carbon dioxide, methane, nitrous oxide and 
halocarbons such as chlorofluorocarbons [WMO, 2008]. The comparison is always made as 
to the levels in parts per million (ppm), the number of molecules of the gas per million 
molecules of dry air, between the pre-Industrial Revolution time and now. For CO2 at 385,2 
ppm the increase is 38%; for methane at 1 797 ppm 157%; for N2O at 321,8 ppm an 
increase of 19% [WMO, 2008].   
 
The concern to do with environmental issues and global warming resulted in various 
protocols being agreed to such as the Montreal and Kyoto protocols, but did not  result in 
anything substantive at the Copenhagen protocol talks towards the end of 2009, or the 
Durban COP 17 talks at the end of 2011. A feature of these protocols is the development of 
a global response to the threat of climate change caused by human activities. The most 
important human activities causing global warming are the emission of greenhouse gases 
and the elimination of natural vegetation [Richardson, 2009]. There is also a direct link 
between human prosperity and biodiversity in less developed areas where the main threat to 
biodiversity is habitat destruction through farming, logging and development. In terms of 
biodiversity, this means that 16 928 species are threatened with extinction, including nearly 
one-third of amphibians, more than one in eight birds and nearly a quarter of mammals 
[Zabarenko, 2009]. 
 
Examples of this destruction of habitat are the famous Tanjung National Park in Kalimantan 
being destroyed by palm oil plantations resulting in the orang–utan likely to become extinct 
[Monbiot, 2005]. In 2009 it was estimated that there were about 50 000 to 60 000 orang-
utans left in the wild, 80% of them in Indonesia and the rest in Malaysia’s Borneo states of 
Sabah and Sarawak [Beh Lih Yi, 2009]. It is feared that Sumatran rhinos, tigers, gibbons, 
tapirs, proboscis monkeys and thousands of other species could go the same way. 
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Instrumental in creating both public and political awareness of the societal risks associated 
with unchecked emission of greenhouse gases has been the primary scientific input by the 
Intergovernmental Panel on Climate Change (IPCC) through a report in 2007 [Richardson, 
2009]. This report was updated by a Synthesis Report in preparation for the Copenhagen 
discussions on protocol and it contained six key messages: 
 

 Many key climate indicators are already moving beyond the patterns of natural 
variability within which contemporary society and economy have developed and 
thrived. 

 

 Recent observations show that societies and ecosystems are highly vulnerable to 
even modest levels of climate change, with poor nations and communities, 
ecosystem services and biodiversity particularly at risk. 

 

 Rapid, sustained, and effective mitigation based on coordinated global and regional 
action is required to avoid “dangerous climate change” regardless of how it is 
defined. 

 

 An effective, well-funded adaptation safety net is required for those people least 
capable of coping with climate change impacts, and equitable mitigation strategies 
are needed to protect the poor and most vulnerable. 

 

 A wide range of benefits will flow from a concerted effort to achieve effective and 
rapid adaptation and mitigation. 

 

 Linking climate change with broader sustainable consumption and production 
concerns, human rights issues and democratic values, is crucial for shifting societies 
towards more sustainable development pathways. 

 
As opposed to universal factors affecting climate change on planet Earth, the two main 
contributors to global climate change, the emission of greenhouse gases and the elimination 
of natural vegetation respectively responsible for 85% through the combustion of fossil fuels 
and 15% through land change, have resulted in a global  carbon cycle that is in strong 
disequilibrium [Richardson, 2009]. The per capita emission should be about two tonnes of 
carbon dioxide per annum compared to a figure of 20 tonnes in the U.S.,  11 tonnes for 
Nordic countries  and under four tonnes for China.  
 
The main concern about heat-trapping gases being released into the atmosphere, may be 
the acceleration of this phenomenon since 1850, the putative start of the Industrial 
Revolution. It has been estimated that between the years 1850 and 2000, human activities 
added 440 billion tons of carbon, mostly from burning fossil fuels, into the atmosphere. This 
compares to the estimate of 350 billions tons emitted in the previous eight millennia where 
those emissions came about mostly from changing into an agrarian society [Witze, 2011]. 
Although the hunter-gatherer society also cleared land through burning, people started 
cutting down forests and clearing land for agriculture, especially in the Fertile Crescent, 
some 8 000 to 10 000 years ago. 
 
A biology-based mitigation approach to meet emission reduction targets is the development 
and use of biofuels. From an equity perspective, this mitigation approach is complex and 
contentious. The mono-culture practice in producing biofuels results in deforestation and 
forest degradation. Secondly, the demand of wealthy countries for liquid fuels and the need 
of the poor in developing countries for food security is a recipe for conflict. The 2008 spike in 
food prices, which was at least in part attributable to competition with biofuels, is a case in 
point. Using non-food feed stocks and using land unsuitable for food production, ignores the 
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fundamental issue of biodiversity loss. In fact, the sustainability of biofuel production is 
becoming a key concern. This is due to potential negative elements such as the loss of 
biodiversity, changing land use patterns, social economic impacts and greenhouse gas 
emissions [Haywood, 2009]. 
 
For the developed world a case in point is the effect of cultivation in the Midwest in the U.S. 
Fertilizer washings from farms utilised for crop production, including corn and soya beans, in 
the form of nutrients such as nitrogen and phosphorous, are carried in the waters of the 
Mississippi and Atchafalaya rivers into the Gulf of Mexico. This has resulted in a dead zone 
depleted of oxygen of 14 600 square kilometres or 1 460 000 hectares, shown in Figure 
12.20, in which almost nothing can live, including fish, shrimp, crabs, and other marine 
organisms [Service, 2009]. Oxygen is used by bacteria which consumes the algae produced 
in the nutrient rich water. It is predicted that the problem will worsen as the U.S. Congress 
passed the Energy Independence and Security Act (EISA) in 2007. This act backs the 
production of 36 billions of gallons of biofuels by 2022, of which 15 billion gallons will come 
from ethanol production. This increase is argued to negate current efforts to reduce the dead 
zone effect in the Gulf of Mexico. In the words of Simon Donner, a climate scientist and 
ecologist at the University of British Columbia, the biofuels mandate will make impossible 
something that was already difficult [Service, 2009]. 
 
 

 
 
Figure 12.20  The dead zone in the Gulf of Mexico 
 
A second example in the U.S. comes from the increased use of pesticides, in particular 
herbicides, where research showed that herbicide use grew by 383 million pounds from 
1996 to 2008 with 46 percent of the total increase occurring in 2007 and 2009 [Gillam, 2009]. 
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More chemical residues, especially from genetically engineered crops, end up in food. 
Another outcome is the emergence of “super weeds” which are difficult to eradicate as they 
become resistant to herbicides. These weeds are now infesting millions of acres and weed 
management systems will have an environmental impact [Benbrook, as quoted by Gillam, 
2009]. For that matter, given the right conditions, some biofuel crops have the potential to 
turn into weeds, as is further discussed in Chapter 5. 
 
Nutrient loading is already a serious problem in South Africa where nutrient levels exceeding 
recommended water quality levels are observed in almost all of South Africa’s rivers. There 
were exponential increases in dissolved phosphate levels in South Africa’s systems over the 
last twenty years; “(T)his eutrophication of South Africa’s river ecosystems is the result of 
uncontrolled discharge from dysfunctional sewage works, sprawling unserviced human 
settlements around urban areas, and excessive application of fertilizers by the agricultural 
community” [de Villiers, 2010]. The production of crops as feed stock for biofuels will worsen 
the problem, as it will happen in those areas in the country more suitable in terms of rainfall 
as described in Chapter 5. 
 
It is said that the drive for ‘green energy’ in the developed world is having the perverse effect 
of encouraging the destruction of tropical rainforests [Pearce, 2005]. In south-east Asia the 
expansion of palm oil production is one of the leading causes of rainforest destruction, 
whereas the leading alternative, soybean oil, is the largest single cause of the rainforest 
destruction in the Brazilian Amazon [Pearce, 2005]. Between 2000 and 2005 the average 
annual deforestation for the five countries Brazil, Indonesia, Burma, Nigeria and the Congo 
was 6,169 million hectares [Marshall, 2009]. 
 
Deforestation and mono-crop cultures are not new practices, albeit that their adverse 
consequences were not recorded and recognised by contemporary society. A classic case 
was the demise of the so-called Nasca civilization in South America some 1 500 years ago 
in what is now deserts in Peru. In clearing valleys for farming and using huaranga trees for 
food, forage, timber and fuel, a fragile ecosystem was irreversibly damaged and desert 
plains were created. These trees, with their extremely deep roots and remarkable nitrogen 
fixing ability, provided a micro-climate, considering that they could live for more than a 
thousand years and yielded fertiliser from their leaves, were destroyed and so the civilization 
that exploited them [Beresford-Jones, Whaley, as quoted by Reuters, 2009 (November 3)]. 
 
Recognising the need to reduce the use of fossil fuels or ‘decarbonising the economy’ 
through renewable energy technologies, there is no single renewable energy technology that 
can replace fossil fuels at present, adding to the complexity of the problem [Richardson, 
2009]. A mix of technologies can allow different countries to develop their renewable energy 
combinations to meet their own needs. This can be coupled to the management of biological 
systems such as through the preservation of natural forests. Although the use of biofuels is a 
mitigation tool as they can generate the heat and power available from fossil fuels, especially 
in transportation, agriculture, their cultivation is a significant emitter of greenhouse gases into 
the atmosphere [Richardson, 2009]. Based on this reasoning, as well as a comparison of the 
total energy required for production compared to the energy yield, the use of the oil crops – 
oil palm, rape, sunflower and soy – is not sustainable and should be avoided. 
 
 From a renewable energy perspective the concern has been the increasing heat content of 
the planet’s surface caused by the increasing concentrations of greenhouse gases 
enhancing the “greenhouse effect” which is a well documented and understood physical 
process in the Earth System [Richardson, 2009]. It so happens that the natural greenhouse 
effect makes Earth habitable in the first place. Greenhouse gases, such as water vapour, 
carbon dioxide, methane and nitrous oxide in the atmosphere absorb the heat leaving the 
Earth’s surface, thus retaining more heat near the Earth’s surface and increasing the 
average temperature by some 34˚C from an estimated -19˚C. Without the heat trapped, the 
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Earth would not have been habitable [Gorelick, 2009].  Whereas for water vapour, other 
causes amplify changes in global temperature, human activities have caused dramatic 
changes in the concentrations of atmospheric CO2, methane and nitrous oxides. 
[Richardson, 2009]. It is estimated that CO2 concentrations increased from the pre-industrial 
revolution three parts per 10 000 by volume to today’s four parts per 10 000, [Whitehouse, 
2009], the exact figures quoted in an earlier paragraph. The gases mentioned above are 
normally associated with concerns about global warming potential. In reality there are over 
60 gases causing this effect for Earth, some of them with a potential 10 000 times higher 
than CO2 [Bringezu, 2009]. 
 
As for nitrous oxide, the third most important greenhouse gas after CO2 and methane, it 
accounts for 6 – 8 percent of global warming from human activities [Doyle, 2010]. It was 
generally thought that a big contributor to nitrous oxide emissions is livestock. A study by the 
Karlsruhe Institute of Technology actually revealed that the grazing by livestock in temperate 
regions decreases nitrous oxide emissions as the microbes that generate the gas are more 
likely killed by frost when there is less blanketing on the ground following grazing by animals, 
especially in autumn. Temperate grasslands cover about 10 million square kms [Doyle, 
2010]. 
 
If the evolution of CO2 emissions from 1971 to 2006 is interrogated, firstly it is seen that for 
fuels the total tonnes of CO2 increased by nearly 80% with a higher proportional contribution 
by coal/peat. Secondly an upward trend in total emissions is observed, meaning acceleration 
especially in the twenty first century. These observations are presented graphically in Figure 
12.21; with acknowledgment to the International Energy Agency [IEA, 2008]. Consequently it 
can be deduced that changes in climate will cause faster manifestations in observed 
phenomena seen to be coupled to greenhouse gases. 
 

 
Figure 12.21 Total carbon dioxide emissions by fuels from 1971 to 2006 [IEA, 2008] 

 
The American based Energy Information Administration (EIA) in its 2010 annual long term 
energy outlook forecast that global emissions of CO2 from burning coal, oil and natural gas 
should rise 43 percent by 2035, barring global agreements to reduce output of greenhouse 
gases. This means that CO2 emitted will rise from 29,7 billion tonnes in 2007 to 42,4 billion 
tonnes in 2035 [Gardner, 2010]. In comparing the emissions from the different fuels over the 
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period 1973 to 2006, as is depicted in the pie-chart from Figure 12.22, it is seen that the CO2 

emissions from oil decreased, when related to the shares from the other fuels shown. 

 
Figure 12.22  CO2 emissions by fuels and comparison of relative contributions 
between 1973 and 2006 [IEA, 2008] 
 
It seems as if the natural “carbon sinks” namely land and oceans, are no longer able to 
absorb the CO2 released into the atmosphere by fossil fuel combustion and land use 
changes. There is evidence that the fraction of human driven emissions removed by these 
sinks has decreased over the last fifty years and will decrease more in future [IPCC, 
Synthesis Report, 2008]. Consequently more CO2 will remain in the atmosphere or could 
increase further. The importance of forests as storage for carbon lies in the fact that forests 
store about 300 billion tonnes of carbon, or the equivalent of 40 times the world’s total 
annual greenhouse gas emissions [Marshall, 2009]. 
 
 The changes in climate are seen to be the cause of polar ice sheet melting, the rising of the 
mean sea level and the occurrence of more extreme events such as heat waves, storms and 
floods. Changes in extreme events and in the patterns of natural variability can have 
dramatic consequences for human societies that have become used to, or dependent upon 
long-established patterns of temperature, wind and rainfall in specific regions [Richardson, 
2009]. A key indicator of global warming is therefore seen to be the reduction in ice volume 
especially around the Arctic region, as stated by the World Meteorological Organization 
(WMO) [Evans, 2009]. A 30-year downward trend has been observed since satellite 
measuring began in 1979. Over the last century the ancient ice shelves on Canada’s 
Ellesmere Islands in the north of the Arctic Ocean have also declined from 9 000 square km 
to just 1 000 square km  [Evans, 2009]. 
 
Another indicator could well be the rate of desertification, for example in Africa. It is reported 
that on the southern edge of the Saharah desert, an area the size of Somalia has become 
desert in the second half of the twentieth century [Perry, 2010]. As is more fully discussed in 
Chapter 5 on the water situation in South Africa, global warming can only exarcerbate the 

*World includes international aviation and international marine bunkers 
**Calculated using the IEA’s energy balance and the Reviced 1996 IPCC Guidelines 
CO2  emissions are from fuel combustion only ***Other includes industrial waste and non-
renewable municipal waste 
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already critical position the country finds itself in on its status as one of the poorest countries 
in the world when it comes to water as a resource [de Villiers, 2010]. 
 
Global warming has a direct effect on agriculture. During the European heat wave of 2003, 
the decrease in yields of grains and fruits was estimated to be between 20 and 36%. With 
the hot summer of 2010, Russia stopped all exports of wheat. It should be fairly easy to 
correlate drought and summer temperatures with commensurate declines in crop yields  in 
countries such as South Africa and Australia. Furthermore, the yields of the most important 
food and fibre crops decline “precipitously at temperatures much above 30 ºC”;  the optimum 
temperature range for crops is seen to be 20ºC to 25ºC. In this temperature range 
photosynthesis is seen to occur optimally and carbohydrates, fats and proteins will be 
generated faster [Federoff, 2010].                                 
 
The African continent is seen to be more vulnerable to the impacts of climate change, 
although its contribution to greenhouse gas emissions is about 3% of the world total [ICSU, 
2007].  Whereas the effects of greenhouse gas emissions are universal, the energy 
production–to-consumption ratio is higher due to poor regional and sub-regional networks 
compared to the U.S. and Europe; as well as a low level of industrialization and weak human 
and institutional capacities [ICSU, 2007]. This leads to the conclusion that the developed 
world is dumping its environmental problems on the developing world with devastating 
effects on local people [Pearce, 2005]. 
 
 Secondly, by and large Africa could be seen to be developing compared to the U.S. and 
Europe. It is estimated that developing countries bear over nine-tenths of the climate change 
burden; 98% of the seriously affected and 99% of all deaths from weather related disasters, 
along with over 90% of the total economic loss of more than one hundred billion US dollars 
per year [GHF, 2009]. This has to be contrasted to another finding in the same report done 
under the auspices of the Global Humanitarian Forum (GHF) “The Anatomy of a Silent 
Crisis” that the 50 Least Developed Countries contribute less than 1% of global carbon 
emissions. With 15 of the 20 most vulnerable countries being in Africa, it is seen to be the 
region most at risk from warming. It was reported that Africa, through AU leaders preparing 
for the Copenhagen protocol at the end of 2009, was going to ask $67 billion per annum 
from the world’s rich nations to mitigate the impact of global warming on the world’s poorest 
continent [Tadesse, 2009]. 
 
The sun is however the primary force and lies behind every aspect of the earth’s climate 
system, driving atmospheric and oceanic circulation patterns and therefore being a key 
component of the greenhouse effect. In fact, many scientists believe that the sun was the 
major contributor to and player in the debate on the Earth’s climate until the past few 
decades, when the greenhouse effect from increasing levels of carbon dioxide overwhelmed 
it [Whitehouse, 2009]. It seems as if the sun may play a greater role in climate change than  
has been believed up to now. In particular, the lack of activity of phenomena such as 
sunspots with an associated cooling down effect is stimulating a reappraisal of the science 
behind recent global warming. 
 
Sunspots are associated with solar cycles (SC) of which the Earth was transitioning into SC 
24 [Marusek, 2009]. The disappearance of sunspots happens every few years and when 
they are absent, they cause phenomena such as the “Maunder Minimum” and the ”Dalton 
Minimum”. The Maunder minimum, named after the astronomer E.H. Maunder, lasted from 
1645-1715 overlapping with a Little Ice Age where even the Thames River in London froze 
during a “Great Frost” during 1683-1684 [Doyle, 2010]. The Dalton minimum was a period of 
low or anaemic solar activity stretching from 1790 to 1830 [Fanney, 2009]. These 
phenomena brought about crop failures, lower than average global temperatures and Little 
Ice Age conditions in the Northern Hemisphere. For SC 24, from the peak year of 1998, the 
lower Troposphere temperatures globally have already fallen around 0,5˚C, whereas during 
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the same period atmospheric carbon dioxide has risen 5% from 367 ppm to 386 ppm 
[Marusek, 2009]. 
 
The issue is that SC 24, according to NASA data for 2006 and 2007 and current 
observations on coronal holes, lack of sunspots and no switch yet in magnetic polarity, has 
not yet begun [Fanney, 2009]. This could presage a 30 year or more decline in global 
temperatures and the onset of a Little Ice Age such as the most stunning one in recent 
history occurring from 1640 to 1715 when sunspots disappeared [Fernandez-Armesto, 
2009]. As a 0,1 percent change in the sun’s output equates to between 1,3 and 1,7 watts of 
energy change per square metre of earth, the effect is enormous. [Whitehouse, 2009] 
Together with solar winds and a tilt in the magnetic axis of the sun, the solar variability can 
have a regional climatic influence across vast swathes of the Earth, stronger than any man-
made greenhouse effect [Whitehouse, 2009]. 
 
A problem is that global records of the world’s average temperature have only been kept for 
the last 150 years, thus not reflecting temperatures occurring during the two mini ice ages 
mentioned. U.N. scientists estimate that the Earth’s temperature increased by 0,7ºC since 
the Industrial Revolution and is likely to rise between 3,7ºC and 4,5ºC by 2100 [Doyle, 2010].  
According to the WMO the warmest year was in 2005, with an average temperature of 14,79 
˚C. The last decade was almost 0,2 degrees Celsius (˚C) warmer compared to the previous 
decade [Evans, 2009]. The WMO however, also reported a slight slowdown in temperature 
during 2009, this observation supporting SC 24 and not global warming. As reported by the 
Potsdam Institute for Climate Research, opinions differ between solar scientists and 
climatologists as to the importance of greenhouse gas emissions and solar activity and their 
relative influences on future Earth temperatures [Doyle, 2010]. Effects such as El Nino and 
La Nina need to also be taken into account, although these changes in Pacific Ocean 
temperature could well be influenced by the sun. 
 
There is evidence however that cooler spells have caused waves of disasters, war and 
upheaval. This came about when historical records and paleoclimatic reconstructions were 
done covering a period of 2 000 years in China. The disasters were positively associated 
with time bands around 160 to 320 years where low temperatures could be reconciled with 
the collapses in agricultural dynasties. Some of these dynasties were of the Han (206 BC – 
AD 220); Tang (681 – 906); Song (960 – 1279) and Ming (1368 – 1643). [Fogarty, 2010]. 
The Ming dynasty collapse coincided with the little Ice Age, the “Maunder Minimum”. A team 
of Chinese scientists led by Zhibin Zhang of the Chinese Academy in 2010, came to the 
conclusion the periods mentioned above may be related to cyclic variations of solar activity, 
or cyclic changes of the orbit position of the Earth. 
 
The question can be asked as to why another ice age is not yet evident although SC 24 is 
established. One reason is that despite the fewer sunspots, intense solar flares and 
geomagnetic storms are ejecting vast amounts of energy into space [Fogarty, 2009]. A fast 
mode magneto-hydrodynamical wave (MHD), as recorded reared up to 100 000 km in 
height, raced outward at 900 km/h, packing as much energy as 2 400 megatons of TNT. 
Similarly, a sunspot recorded in February 2009, hurled a billion ton cloud of gas (a coronal 
mass ejection) into space and sent a tsunami racing along the sun’s surface [Cosmos 
Online, 2009]. 
 
 If measurements on the solar minimum sunspots and high-speed energy streams from 
storms are compared, it was found that there are fewer sunspots than any minimum in 75 
years, but the effect on the Earth’s outer radiation belt was more than three times greater in 
2008 than in 1996. It is conceivable that this phenomenon has an influence on climate 
change that lessens the effect of sunspots. Also without sunspots, the increased 
temperatures due to climate change, could be higher than those measured, as the two 
phenomena are influencing changes in opposite ways. 
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In the debate another phenomenon identified by the prominent Russian space scientist 
Khabibullo Abdusamatov, is that the thermal inertia of the worlds oceans and seas will delay 
a ‘deep cooling’ of the Earth and the New Ice Age will begin sometime during 2055-2060, 
lasting for several decades [Novosti, 2008]. Abdusamatov points out that CO2 levels rose by 
more than 4% in the past decade, but temperatures in 2007 were practically similar to 2006 
and identical to 1998-2005 temperatures. He deduced that the Earth passed the peak of 
global warming in 1998-2005 and coupled his scenario to the Maunder Minimum that 
occurred between 1645 and 1715. Then only 50 spots appeared on the sun, compared to a 
typical 40 000 to 50 000 spots. 
 
What is said by NASA to be “a puzzling collapse of Earth’s upper atmosphere”, occurred in 
the thermosphere of the Earth’s atmosphere, this belt ranging in altitude from 90 to 500 km. 
The thermosphere contracts when solar activity is low and during 2008-2009 the sun 
plunged into a century-class solar minimum with solar flares almost non-existent. The 
phenomenon was described in the June 19, 2010 issue of the journal Geophysical Research 
Letters [Emmert, 2010]. Such activity has to have an effect in magnitude far greater than any 
climate change activities by earthlings. The views and research by solar scientists are 
probably suppressed by the focus on climate change, despite the fact that there is 
overwhelming evidence that the consequences of the inactivity of the sun may have a 
profound effect on mankind in the next few decades. This does not mean that less attention 
should be given to climate change as it is affected by human activities, as opposed to what 
can be described as a potential apocalyptical event. 
 
Whereas changes in the activity of the sun cannot readily be influenced by mankind, there 
are at least two approaches that can be adopted to lessen the impact of climate change, 
namely mitigation and adaptation measures respectively, according to a study  by Italian 
researchers from the University of Venice and the Fondazione Eni Enrico Mattel [Doyle, 
2009]. A third approach would be to reverse the effect of greenhouse gas emissions and 
taken to extremes, the results of the Industrial Age. The pre-condition for such action is that 
catastrophic damages or “tipping points” in the climate system have not yet materialised, 
such as an irreversible melt of Greenland’s ice that drives up sea levels [Doyle, 2009]. 
 
The concept of reversing the practices that led to the greenhouse gas emission problem has 
substance. A practice that accounts for 20% of greenhouse gas emissions worldwide and up 
to 70% of Brazil’s emissions has been deforestation. For Brazil this meant that some 20% of 
the Amazon River basin of seven million square kilometres had been cleared in recent 
decades. Through the Amazon Fund, the largest forest conservation initiative in the world, a 
test case is being developed for landowners to be paid for preserving forests, not clearing 
more land for crops and increase income from land already cleared with modernised 
agriculture [Tollefson, 2009]. The funding comes from pledges from other countries like 
Norway, with a commitment of $1 billion up to 2015 of which $114 million was committed for 
2009, on condition that for future payments, emissions are reduced. 
 
The mechanism is to create a national baseline, as in this case for forest conservation, 
where Brazil pledged to reduce deforestation with 70% by 2017 as part of a comprehensive 
national strategy, instead of particular projects where a patch of forest is preserved while 
pushing loggers, developers and landowners down the road to another patch. Direct 
international aid is then deployed to pay landowners on a monthly basis, starting at $16 and 
increasing to $350 in the tenth and final year, to preserve forests. In the Brazilian state of 
Pará along the Trans-Amazonian Highway, some 10 000 families can be brought into this 
programme, the project having started with 350 families. The management of the 
programme will be by enforcement, backed by a satellite monitoring system. 
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The rationale is that the project would reduce the otherwise expected greenhouse gas 
emissions by 3,1 million tonnes of carbon dioxide at a cost of just more than $5 per tonne. 
That cost is 75% less than the going price on the European carbon market. This market 
could surpass $2 trillion annually by 2020 and $15 trillion in 2050. For such stakes, the 
biggest experiment in tropical conservation history can provide a sound basis for a case to 
show that emissions from deforestation and degradation (REDD) could be reduced [Nepstad 
from Woods Hole Research Center in Massachusetts, quoted by Tollefson, 2009]. 
 
That this man made problem is indeed huge can be gauged by considering that between 
1985 and 2000 the development of oil-palm plantations was responsible for an estimated 87 
per cent of deforestation in Malaysia. In Sumatra and Borneo some four million hectares of 
forest have been converted to palm oil farms with  another six million hectares scheduled for 
clearance in Malaysia and 16,5 million hectares in Indonesia in 2006 [Monbiot, 2006, 
(quoting a ‘Friends of the Earth’ report)]. 
 
REDD – Reducing Emissions from Deforestation and Forest Degradation - is actually a 
pioneering U.N. programme providing a powerful financial incentive to keep forests intact 
[Marshall, 2009]. It is a carbon accounting technique. The methodology aims to preserve the 
remaining tracts of land in Southern Asia and Africa that soak up huge amounts of planet-
warming carbon dioxide. Carbon reductions in preserving the forests from threats such as 
the conversion to farmland are measured, reported and the sale of the associated carbon 
credits provide employment and legal tenure of land such as in Cambodia. For Indonesia 
more than a dozen projects have started with Australia having committed A$70 million and 
Norway $1 billion respectively in a forest deal [Fogarty, 2010]. 
 
 If the Ulu Masen forest in the province of Aceh in Indonesia, covering some 7 700 sq km 
(1,9 million acres) is protected for the next 30 years, an estimated 100 million tonnes of 
carbon will be prevented from entering the Earth’s atmosphere – the equivalent of 50 million 
flights from London to Sydney [Marshall, 2009]. The mechanism is to convert the savings 
into millions of carbon-offset credits, sold to the rich nations. Revenues for the developing 
world can amount to $30 billion per year to be used for assisting communities on or within 
forests and adapting to climate change [Marshall, 2009]. For Ulu Masen revenue of $26 
million in carbon credits is expected in the first five years. The global carbon market size is 
currently some $122 billion growing to $1,9 trillion in 2020. 
 
 
The difficulty with the REDD programme is the methodology of determining how much 
carbon is kept from global emission  by forests, if deforestation does not occur. Through a 
highly detailed three dimensional (3-D) map tested on a part of Peru’s Amazon, it is claimed 
that it can be shown how much climate-warming carbon is stored and the effect as 
greenhouse gas emissions when the vegetation is cut down [Zabarenko, 2010 (Sept. 7)]. 
The 3-D map shows the specific structures of plants, enabling researchers to calculate their 
carbon content. The information gathered can also be used to show the effects of 
degradation like in the Madre de Dios region of Peru, an area almost the size of Switzerland, 
where carbon emissions were calculated from 1999 – 2000. The lead researcher on this 
project, Greg Asner from the Carnegie Institution for Science, claims that the study enables 
the calculation to estimate emissions which in the case of deforestation and forest 
degradation, is responsible for one-fifth of all greenhouse gases released by human 
activities. 
 
A more empirical approach is to use the so called McKinsey global cost-curve to determine 
the reductions of emissions that are theoretically possible and actions that should be 
prioritised. The curve, which is actually a composite bar chart of various activities from 
switching incandescent lighting to LED lighting in residences (-98 € per tCO2e cost) to a gas 
plant CCS retrofit (+60 € per tCO2e cost) but with an abatement potential of 38 Gt CO2e per 
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year, has been used to inform national strategies as to how countries will implement REDD 
[Dyer, 2010]. The Rainforest Foundation argues that the McKinsey “Global Greenhouse 
Abatement Cost Curve” approach is flawed as a policy making tool, because it does not 
consider alternative greenhouse gas reduction policy options, as a “top down” approach. 
Secondly, it is methodologically flawed as it excludes transaction and implementation costs 
and undervalues activities such as subsistence farming [Dyer, 2010]. 
 
If the cost curve is used, it can be shown that it advocates paying the polluter which 
contravenes a basic environmental law principle. Secondly, it does not bring into the 
equation qualitative differences between a plantation and a natural forest where the latter 
provides biodiversity, livelihood and ecosystem benefits and services. The cost curve 
approach is therefore simplistic and proposes narrow economic solutions to inherently 
political and multi-dimensional problems [Dyer, 2010]. Whereas the Rainforest Foundation 
proposes more research on the real costs, comparing the reduction in deforestation from 
stimulating subsistence agriculture, rotational farming and other policy options, its findings 
can be applied to thinking on the introduction of biofuels cultivation in the Eastern Cape.  
  
 On mitigation, some approaches have already been mentioned but the focus is to reduce 
the emissions of greenhouse gases by for example using energy carriers like renewable 
fuels in the transport sector where greenhouse gas emissions have been steadily rising. 
Secondly, second generation technologies should use biomass resources more optimally in 
biofuel production than the current first generation technologies. It should be noted that the 
European Environment Agency’s Scientific Committee suggests that technologies for direct 
heat and electricity generation are more economically competitive and more environmentally 
effective than biofuel production for vehicles [AENR, 2008]. 
 
The philosophy behind adaptation is to deal with climate change by measures such as 
producing drought resistance crops, assisting in dealing with floods or heat waves, 
developing new crops to match water availability and temperatures, implementing 
technologies such as drip irrigation, using “green” technologies for buildings including better 
insulation, designing infrastructure to cope with natural disasters and even introduce 
measures to limit the spread of diseases such as malaria. 
 
The U.N. climate change secretariat puts the global costs of adaptation at $40 to $170 billion 
a year until 2030 [Dmitracova, 2009]. These costs are said to be low if another reference is 
used (the Grantham Institute for Climate Change at Imperial College, London). Protection 
and adaptation for sectors such as energy, tourism, ecosystems, manufacturing, retailing 
and mining will escalate costs to several hundreds of billions of dollars [Parry, as quoted by 
Dmitracova, 2009]. It is estimated that if $10 trillion is spent on adaptation, economic 
benefits would amount to $16 trillion in accordance with the findings of a study 
commissioned by the Copenhagen Consensus Center [Doyle, 2009]. This study also 
suggests that the optimal strategy to deal with climate change is to combine mitigation and 
adaptation which, as a best case scenario, will bring about $19 trillion in benefits for $9 
trillion spent.  
 
 South Africa, as a developing country, does not have an obligation in terms of the Kyoto 
protocol to reduce emissions of greenhouse gases [Tempelhoff, 2009]. It, however, 
produces 48% of the total greenhouse gases emitted by Africa with a 28% increase in 
greenhouse gases since 1990. The annual emission of CO2 alone is 446 megaton, some 
1,5% of the world total and 65% of the total CO2 produced by Africa [Cillié, 2009]. The 
biggest contributors are Sasol and Eskom respectively, with domestic use of petroleum and 
transportation responsible for 10,5% of the total South African emissions [Cillié, 2009]. The 
total emission translates to a very high output per unit of Gross Domestic Product, mostly in 
areas not associated with energy efficiency and green technology. Although South Africa 
has targets on the mitigation of these effects, including a national renewable energy target of 
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10 000 GWh of which biofuels will contribute 50% by 2013, none of the technological options 
for greenhouse gas emission reduction or climate change are near critical mass as stated by 
the CSIR systems ecologist, Dr. Bob Scholes [Van der Merwe, 2009]. His view is that a 
technology should be chosen that provides a comparative advantage for South Africa; for 
example solar. Another option could be to turn the comparative disadvantage in coal as it is 
currently being exploited and used, to a comparative advantage through carbon capture and 
storage as well as underground coal gasification. 
 
In terms of the 2010 South African Carbon Disclosure Project, it was estimated that South 
Africa’s total emissions of CO2e is about 500 million tonnes [van der Merwe, 2011]. It is said 
that South Africa has a low ranking on a low carbon competitive index, (16 out of 19) with the 
top country being France [McNamara, 2010]. If a carbon tax of R165/tonne of CO2 were to 
be introduced along the lines stated by National Treasury in a discussion document, the 
revenue will be about R82,5 billion per year. The figure of R165/tonne was indicated in the 
Second Integrated Resource Plan or IRP 2010. According to the auditing firm Deloitte’s, the 
emissions by Eskom at 224,7 million tonnes per year, 45 % of South Africa’s total estimated 
emissions, would mean that the utility would pay about R37 billion in carbon tax. It is likely 
that this amount would be passed onto the consumer in the form of higher energy charges 
[McNamara, 2010]. It will also affect economic activity in the mining and manufacturing 
sectors, with companies like BHP Billiton possibly moving their activities elsewhere. In the 
mean time, carbon tax revenues will not be ring fenced, meaning that the proceeds of a 
carbon tax will not be utilised towards improving the environment. As it is, the South African 
economy is poorly placed to address climate change concerns and emissions, given the 
strong dependence on fossil fuels and high levels of energy intensity per economic output 
with entities like Sasol and Accelor Mittal. These two CO2 emitters are calculated to will have 
to pay about R9,9 billion and R1,7 billion  a year, respectively. 
 
A twist for South Africa that has not been considered earlier, is the resistance that the 
country was experiencing around March 2010, in seeking a $3,75 billion World Bank loan for 
a coal fired plant for electricity production at its planned Medupi power station in the Limpopo 
province. The United States and Britian, as two of the largest members of the World Bank, 
were threatening to withhold support. Also activist groups like Earth Life Africa were 
demonstrating in contrast to a view by board representatives from Africa, China and India on 
what was stated to be “an unhealthy subservience of decision-making processes” dictated 
by the developed world at the expense of providing finance for projects aimed at providing 
energy security, albeit through less clean technology. In the process greenhouse emissions 
are not mitigated [Wroughton, 2010]. 
 
The question is whether renewable liquid fuel production and in particular biodiesel 
production offers a comparative advantage for South Africa? If the environmental-, social- 
and economic uncertainties of the industrial biofuels strategy feasibility are examined, there 
are at least six research focus areas that need to be addressed to understand, quantify and 
reduce the uncertainties associated with the industrial biofuels strategy [Brent, 2009]. As is 
discussed in more detail in Chapter 5, two major constraints in biofuel production from 
conventional crops are available land and water resources [Brent, 2009].  
 
If for South Africa, a cue could be taken from international experience and current debate, a 
line of thinking is that large subsidies and quotas are wreaking social and environmental 
havoc and in many cases exacerbating climate change. The author of a Christian Aid report 
comments that “ vast sums of European and American taxpayer’s money are being used to 
prop up industries which are fuelling hunger, severe human rights abuses and environmental 
destruction” [Gold, 2009]. 
 
Whereas before the climate change debate has been heavily focused on physical effects in 
the long term, the Christian Aid report and the Global Humanitarian Forum report take a 
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social angle and consider the negative consequences that people around the world face as 
a result of a changing climate. Presumably this is in line with the thinking of the then South 
African Minister of Finance during his address at the 2008 spring meeting of the International 
Monetary Fund (IMF) and World Bank in Washington, D.C., where he suggested that poor 
South Africans should be encouraged to protect themselves by resuming the subsistence 
agriculture that was part of the country’s heritage [AENR, 2009]. 

12.6.2 Land use changes 

 
Another dimension to the climate change debate is the issue of land use changes and the 
biofuel carbon debt. This debt is generated through making space for biofuel crops by 
clearing forests which absorbed more CO2 than is saved by biofuel crops grown where they 
once stood. In the process more environmental damage is caused than using biofuels can 
ever offset [Keim, 2007]. 
 
The “carbon debt” of land conversion is defined to be the amount of CO2 released in the 
process of burning or microbial decomposition of organic carbon stored in plant biomass and 
soils during the first fifty years from the start of the process. The release is not instantaneous 
as after the burning of the land there is a prolonged period of GHG release as coarse roots 
and branches decay and as wood products decay or burn [Fargione, 2008]. The loss of 
maturing forests and grasslands also foregoes ongoing carbon sequestration as plants grow 
each year and the foregone sequestration is the equivalent of additional emissions 
[Searchinger, 2008]. Second generation biofuel production will make the situation worse, as 
more of the plant will be used for the production of fuel. As soils and plant biomass are the 
two largest biologically active stores of terrestrial carbon, together containing ~2 to 7 times 
more carbon than the atmosphere, in the case of Indonesia, for example, it is estimated that 
50 billion tonnes of CO2 will be released if the country’s remaining peat rainforests are 
cleared through slash-and-burn practices. This is equivalent to a decade’s worth of U.S. 
greenhouse emissions [Keim, 2007]. Draining peatlands has another effect as soils rot and 
methane gas is released into the atmosphere [Harrison, 2010]. Peat lands release vast 
amounts of greenhouse gases when disturbed, the main criticism to the practice of deep 
peatland palm plantations in Indonesia by companies like the PT Smart Tbk and their 
delisting by oil buyers such as Unilever and Nestle [Creagh, 2010]. Currently, Indonesia and 
Malaysia account for 86% of global palm oil production, with an estimated 27% of 
concessions for new palm oil on peatland tropical rainforests, totalling 2,8 million ha in 
Indonesia. The carbon debt incurred would take 86 to 423 years to repay [Fargione, 2008]. 
 
Viewed from another angle, if just 2,4 percent of European biofuels came from palm oil 
grown on former peatlands, for example in Indonesia, the entire climate benefits of EU 
biodiesel would be wiped out. This authorative remark was generated in a report from the 
European Commission’s own research center. [Harrison, 2010] 
 
The carbon debt is generated by not only the conversion of native ecosystems for biofuel 
production, which could be seen to be an indirect land use change, but also by farmers 
converting forest and grassland to new cropland to replace grain (or cropland) diverted to 
biofuels [Searchinger, 2008]. Worldwide convertible acres are estimated to be 2,8 billion 
hectares, with Brazil alone potentially having 170 million hectares available. With the 
exception of sugarcane ethanol and biodiesel on Cerrado in Brazil, greater greenhouse 
emissions would be generated for at least half a century, compared to the savings in not 
using fossil fuels [Fargione, 2008]. 
 
On a micro level it is stated that biodiesel from North American soybeans has an indirect 
carbon footprint of 339,9 kilograms of CO2 per gigajoule, four times higher than standard 
fossil derived diesel at 85 kg. Biodiesel from European rapeseed has an indirect carbon 
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footprint of 150,3 kg CO2 per gigajoule while Latin American sugar cane has 82,3 kg 
(compared to European sugar beet at 100,3 kg).  Palm oil from Southeast Asia has a carbon 
footprint of 76,3 kg CO2 per gigajoule [Harrison, 2010, (April 22)]. 
 
It has been calculated, using a Greenhouse gases, Regulated Emissions, and Energy use in 
Transportation (GREET) model of lifecycle analysis of greenhouse gas (GHG) emissions 
developed by Argonne National Laboratory, that the potential emissions per hectare of land 
conversion greatly exceed the annual greenhouse reductions per ha of biofuels. For GREET 
2015 yields, each hectare of forest converted has up-front emissions of 604 to 1 146 metric 
tons of GHG and each hectare of grassland or savannah 75 to 305 metric tons [Searchinger, 
2008]. 
 
By the very nature of the feed stocks for the biofuel, it is a product of the agro-industry and in 
many cases it could be used for food. In contrast, with the focus on soybean oil for biodiesel, 
more of it should have been used for biodiesel and vastly more acreage should have been 
put under the plough. In reality that did not happen as evidenced from the information on 
U.S. presented in Chapter 5. Furthermore, in countries like in China and South Africa 
through legislative impediments, maize and some other edible feed stocks cannot be used 
for biofuels. In India non-edible oils are used for biofuels. 
 
The information presented in Figure 12.23 formed the substantiation for a letter sent by over 
a hundred experts from the World Bank, the Union of Concerned Scientists and a number of 
respected academics to the European Commission in October 2011 [Mongabay, 2011]. In 
their letter these scientists state that the EU greenhouse gas emissions accounting 
standards are flawed, mainly because land use changes are not taken into account. 
Furthermore sensitive, high-carbon ecosystems such as the tropical forests of Southeast 
Asia are destroyed to produce biofuel crops, particularly palm oil for conversion. The 
scientists felt strongly that the EU should align its biofuel policy with the best scientific 
knowledge, also to minimise deforestation and competition with food. 
 
The EU policy is to increase biofuel use to 10 percent of all fuel road use by 2020 and its 
own analysis disclosed that this will result in a one-off release of around 1 000 megatonnes 
of CO2. On the other hand, the EU 2003 policy resulted in a $13 billion biodiesel industry 
which could be on the verge of being legislated out of existence [Dunmore, 2011]. The EU 
has also been accused of knowing about the problem for more than two years, one reason 
being that the information in Figure 12.23 has been in the public domain since 2008. The 
figure actually contains four schematic presentations rolled into one graphical presentation, if 
the legend accompanying the figure is studied. It can be seen that the land use changes are 
significant in destroying the concepts around the beneficial effects of biofuels. Also, biodiesel 
feed stock production from Southeast Asia have worse consequences than ethanol 
production from sugarcane. 
 
This issue about the land use change, whether direct or indirect, have potential wide ranging 
effects. It could boost next-generation fuels developments, ease the pressure on feed stocks 
for biofuels at the expense of using these food stocks for food, facilitate the direction of 
investments by major oil companies and possibly result in the demise of the biodiesel 
industry in particular. For South Africa, who is only committed on paper to the biodiesel 
production industry at present, it could be a sign to take stock before plunging into major 
commitments and investments. 
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Legend: A    Carbon debt, including CO2 emissions from soils and aboveground and belowground 
                     Biomass resulting from habitat conversion. 
              B     Proportion of total carbon debt allocated to biofuel production. 
              C    Annual life-cycle GHG reduction from biofuels, including displacedfossil fuels and soil    
                     carbon storage. 
              D    Number of years after conversion to biofuel production required for cumulative biofuel  
                    GHG reductions, relative to the fossil fuel they replace, to repay the carbon debt.    

 
Figure 12.23  Analyses of carbon debts, with acknowledgment [Fargione, 2008] 

 
Up to now land use changes have been considered from an environmental perspective. It 
was mentioned earlier that there is a social and political driver for land use changes in the 
context of biofuels. This is due to the perception that the production of biofuels and the feed 
stocks used to produce them will alleviate poverty and uplift communities. It was found that 
biofuel crops can be instrumental in bringing an agricultural renaissance that revitalises land 
use and livelihoods in rural areas. The spread of commercial biofuel crops can also have 
major negative effects on local food security and on the economic, social and cultural 
dimensions of land use [Cotula, 2008]. 
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Firstly, the communities targeted politically, do not necessarily share the newly created 
wealth through security of land tenure or job creation. This is due to the practice of large-
scale commercial biofuel production which in reality is a commodity like oil and competing in 
that market. Secondly, the increase in agricultural production of which biofuel feed stock is 
just one output, has brought about some devastating environmental impacts which rival the 
impacts of climate change [Foley, 2008]. These can be summarised as follows: 
 

 Ecosystem degradation: Agriculture has been the most disruptive practice for the 
planet as more than 35 percent of the earth’s ice-free land surface has been cleared 
or converted for croplands, pastures and rangelands. Causes of for example tropical 
deforestation are: small-holder agriculture 35 - 45%; large-scale agriculture 10 – 
15%; cattle pasture 20 – 25%; logging 10 – 15% and other uses 5% [Marshall, 2009]. 
The area used for agriculture is nearly 60 times larger than the area of all the world’s 
cities and suburbs [Foley, 2008]. 

 Freshwater decline: Streams, rivers, lakes and aquifers provide 4 000 cubic 
kilometres of water per year of which 70% is used for irrigation. Water tables have 
declined, the extraction of water from deep groundwater reserves is unsustainable 
and many large rivers and lakes have reduced flows or have dried up. It is estimated 
that future water demands will increase to between 4 500 and 6 200 cubic kilometres 
hugely compounding climate change impacts, particularly in arid regions [Foley, 
2008]. A 2009 McKinsey report called ‘Charting our water future: Economic 
frameworks to inform decision-making’  estimates that the annual capital requirement 
will be between $50 and $60 billion to close the water resource availability gap. 

 Widespread pollution: With example the Mississippi drainage area and the pesticide 
effects in the U.S. mid west, and closer to home, systems in the Limpopo catchments 
areas and the Vaal system, effluent pollution and the use of fertilizers and run-offs 
from mines, have fundamentally upset the chemistry of the planet. This has resulted 
in the massive degradation of the water in dams, rivers, lakes and coastal regions. 
‘Dead zones’ are created daily with the run-off from inland sources compromising 
another crucial source of food, coastal fishing grounds [Foley, 2008]. 

 Greenhouse gas emissions: Land use and agricultural practices, including 
deforestation, emit more than the total emissions from all the world’s passenger cars, 
trucks, trains and planes or the emissions from all electricity generation or 
manufacturing. At 30% of the total emission of all carbon dioxide, methane and 
nitrous oxide, land use and agriculture are the biggest source of greenhouse gases 
[Foley, 2008]. 

 
An United Nations (U.N.) backed study done by the International Panel for Sustainable 
Resource Management concluded that “ how the world is fed and fuelled will in large part 
define development in the 21st century.” Some reasons are that agricultural production 
accounts for 70 percent of the global freshwater consumption, 38 percent of the total land 
use and 14 percent of the world’s greenhouse gas emissions. According to the report the 
answer is to cut down on meat consumption (half the world’s crops are used to feed 
animals), and the use of fossil fuels. Increases in Gross National Product (GNP) and wealth, 
meaning higher per capita consumption of animal products, have the opposite effect [Doyle, 
2010]. 

 
An analysis of bio-ethanol and biodiesel suggests that biofuels would provide greater 
benefits if their biomass feed stocks were producible with low agricultural input (i.e. less 
fertiliser, pesticides and energy); were producible on land with low agricultural value; and 
required low-input energy to convert feed stocks to  biofuel [Hill, 2006]. What is happening is 
that agricultural production, including biofuels, is boosted at the expense of the environment, 
and the biosphere is being ruined in the process. This is being done to address a social and 
political problem.  
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As biofuels production has an agricultural based dynamic, it is clear that the land use debate 
is not always based on an analytical approach. It will also have a different dynamic in terms 
of land use and food production compared to fossil fuels, essentially the global dilemma of 
feeding humanity versus the greater monetary returns to farmers through the incorporation 
of lands for agro-energy [Rathmann, 2010]. If this line of thinking is followed, two impacts 
can be observed using Brazil and the U.S. as cases in point. In Brazil there is a systematic 
substitution of areas previously covered by forest and pasture, which can particularly be 
seen in the incorporation of areas of cerrado (savanna) and caatinga (roughly “scrublands”) 
in the Midwest and Northeast regions for agricultural uses. Furthermore sugarcane is 
replacing soya beans. In the U.S. the shift is from wheat to corn [Rathmann, 2010]. The 
direct impact with the switching of crops is the better return for agro-energy production. 
Indirect second order effects are price increases for the displaced crops such as soybeans 
and wheat. The problem is being complicated by tax incentives and subsidies for the 
production of biofuels. With greater returns, farmers will then allocate their resources to the 
biofuel crops. 

 
The abovementioned change in land use dynamics has not only resulted in a reduction to 
the area planted with, for example, soybeans in the U.S., compared to maize (corn), but has 
resulted in an increase in arable land prices per hectare and has pushed up prices for 
primary agricultural products, in particular to countries to which the agricultural products 
being displaced, were exported previously. In the short term, this made some degree of 
competition for multiple land uses unavoidable. 

 
An analytical approach was formulated to establish the possible causal relationships 
between the use of crops for energy and food by defining five analytical groups (or ambits) 
regarding land use competition between biofuels and food on both a short term (2 years) and 
long term horizon [Rathmann, 2010]. The empirical framework is based on using country 
boundaries of the U.S. and Brazil to take account of matters such as tax incentives, but 
many inputs are universal or can be tailor made for the South African case. The U.S. and 
Brazil are good case studies as they represent the two biggest current agro-economies. The 
analytical framework is being schematically presented in Figure 12.24. 
 
In essence, Figure 2.26 shows that the increased demand for renewable energy is a short-
term input in the competition among multiple land uses. The longer term input into the 
competition is the farmers’ expectation of return. The outputs from the competition are in the 
short term food and biofuels, and in the longer term the effects on pastures and forests and 
reserves. Also on the positive side in the competition will be development and research, as 
well as more investments. In the short term, in contrast, it can be seen that commodity prices 
increase, stimulated by a bigger role for oilseeds and lower plantings of other crops. From 
the change in the role of oilseeds, macro- and micro economic aspects emerge. 
 
 In the South African case different macro economic- and micro economic aspects can be 
researched and for that matter all other countries. Macro economic variables will be interest 
rates, currency exchange rates and price volatilities for agricultural commodities. Micro 
economic effects will come from land use patterns, farmers’ expectations of returns and 
environmental aspects such as increased fertiliser use. A particular South African aspect in 
such a framework will have to be socio-political issues such as land reform and restitution. 
Such input could well counter the increased demand for biofuels and introduce an inelastic 
variable.  
 

Stellenbosch University http://scholar.sun.ac.za



530 
 

     
 

 
Figure 12.24  Analytical framework schematic on use of crops for energy and food [Rathmann, 
2010] 

 
In Chapter 4 on the South African overview, more specifics are discussed, but it can be seen 
that there are extremely complex relationships in the problem of land use, with interplay of 
endogenous and exogenous variables having an influence [Rathmann, 2010]. Looking at the 
cases for the U.S. and Brazil, two conclusions emerge. Firstly, the expanded supply of 
biofuels with less energy content is an essential factor in causing land competition. 
Secondly, production of biofuels should be concentrated in more productive areas and crops 
until a technological breakthrough emerges, for example in second generation biofuels. For 
South Africa, this means that areas with inadequate infrastructure and unproven potential 
such as the Eastern Cape should be seriously reconsidered. The conclusions by Rathmann 
and Hill are in conflict, but will not be further examined in this dissertation.      
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12.7 THE NET ENERGY BALANCE 

 
To be a viable alternative for fossil fuels, biofuels should provide a net energy gain, have 
environmental benefits, be economically competitive, and be producible in large quantities 
without reducing food supplies [Hill, 2006]. In terms of energy content, it needs to be 
determined whether the biofuels provide benefits over the fossil fuels they displace through 
thorough accounting of all the inputs and outputs associated with their production. If the 
biofuel energy content exceeds the fossil fuel energy inputs, it is said to provide a net energy 
gain.  
 
The analysis of this net energy balance is usually reduced to a single number or ratio and 
the net energy balance debate typically hinges on whether that ratio is lesser than or greater 
than one. Also the ratio is calculated to compare the total energy that went into producing a 
litre of biofuel with the energy content in that litre of biofuel. From this follows an opinion as 
to how renewable a specific biofuel is [Shrestha, 2007]. The measurement of this balance is 
however governed by the boundaries imposed, and expansive system boundaries will lead 
to more acceptable answers to a controversial subject. 
 
How controversial this subject is, can be judged by comparing the energy ratios for the same 
input data set [Shrestha, 2007]. For four definitions reported in the literature, the following 
ratios were obtained: 
 
  NREL definition (Sheehan et al., 1998): 3.2 : 1. 
  Pimentel’s definition (Pimental and Patzek, 2005): 1 : 1. 
  Ahmed’s definition (Ahmed, 1994): 1.5 : 1. 
  Hill’s definition (Hill et al, 2006): 1.1 : 1 
 
In looking at the NERs for the rendering industry where for three different scenarios values 
ranging from 3,64 to 0,20 were obtained, these values, however, are not comparable 
because the data inputs were totally different [Lόpez, 2009]. 
 
If the 2008 Energy Balance for the Corn – Ethanol Industry is studied, the effect of 
boundaries is seen. The report for the United States Department of Agriculture (USDA) 
shows the ratio of energy output in the form of corn (maize) ethanol to inputs, when a portion 
of total energy input is allocated to by-products and fossil fuel is used for processing energy, 
to be 2,3 Btu to 1Btu [Shapouri, 2010]. 
 
If the qualifiers are then examined, the use of biomass for generating processing energy will 
result in a higher ratio. This is when corn stover is harvested and fertiliser replacement is 
taken into account, replacing power from natural gas. Secondly, the results are for a dry 
grind ethanol plant that produces and sells dry distillers grains. Thirdly, the energy 
calculation is for corn processing and transportation  with the ethanol delivered to customers. 
On the assumptions used, the survey concludes that for ethanol the transition was from an 
energy sink through a moderate energy gain in the 1990s, to a substantial energy gain 
presently [Shapouri, 2010].  
 
It is useful to clarify the energy yield of biofuel production and the net energy balance as well 
as the net energy balance ratio. Firstly, the energy output of biofuel production includes the 
combustible energy of biofuels themselves and energy equivalent values for co-products that 
typically have uses other than as energy commodities. In the case of biodiesel production 
using soya beans, soybean meal and glycerol are generated. For soybean meal (soya oil 
cake meal) the energy equivalent is obtained  using a mass allocation based on the relative 
weight of the soybean meal to the entire weight of soybean processed. For glycerol the 
energy has to be calculated for a substitute synthetic glycerol and an economic 
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displacement figure used [Hill, 2006]. The net energy balance (NEB) of a biofuel is then 
obtained by subtracting the value of all fossil energy inputs used in producing the biofuel 
from the energy value of the biofuel and its co-products. The NEB ratio is obtained by 
dividing the sum of these outputs over that of the inputs [Hill, 2006]. Figure 12.25 illustrates 
the results of calculations using statistical information for a U.S. case where the values for 
maize (corn) and soybean are depicted. 
 

 
 
 
Figure 12.25  Net energy balance of maize ethanol and soybean biodiesel production. 
[Hill, 2006] 
 
In a ‘fields to wheel’ scenario, the boundaries in the farm energy use will include energy 
used for growing the crop and the hybrid or varietal seed planted, powering farm machinery, 
producing farm machinery and buildings, producing and applying the fertilisers and 
pesticides relevant to the crop and sustaining the farmers and their households. In the 
conversion and production process, the energy used in converting the crop to biofuels, 
including energy used in transporting the crop to the production facilities, building and 
operating biofuel production facilities, sustaining production facility workers and their 
households, have to be assessed. Outputs of biofuel production include the biofuels 
themselves as well as any simultaneously generated co-products [Hill, 2006]. It is clear that 
we do not have a universal position with respect to the net energy balance, as the variables 
will be different in each case. 
 
For the  particular study for the U.S. shown above, using soybeans as feed stock for 
biodiesel production and assuming 544 liters/ha for soybean biodiesel, it was found that 
soybean biodiesel production provided ~93% more energy than is required in its production 
[Hill, 2006]. The energy output of the biodiesel includes the combustible energy and energy 
equivalent values for co-products that typically have uses other than as energy commodities, 
these values calculated by an “economic displacement” method [Hill, 2006]. 
 
In an earlier study it was found that biodiesel production using soybeans required 27% more 
fossil energy than the biodiesel fuel produced. Using sunflower the fossil energy required 
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was 118% more than the energy yielded by the biodiesel [Pimentel, 2005]. Sunflower 
production requires more nitrogen fertiliser and has a lower yield per hectare than soybeans, 
which will also need to be factored in from a cost perspective. 
 
Even for the same crop, values can differ depending on the country and the mechanisms or 
processes employed in producing the crop and the biodiesel derived there from, even to the 
choice of reactant used, for example methanol or ethanol. Three variables can be cited, 
namely crop productivity and farming practice, oil extraction technique and transesterification 
technology used. Comparing palm oil methyl ester produced in Brazil to Colombia, the 
values for the energy input/output ratio were 4,70 and 4,92 respectively [Angarita, 2009]. 
This is ascribed to more fertiliser and irrigation used in Colombia, compared to Brazil.  
 
It is a contentious issue whether in producing and using biodiesel all the energy originally 
available from diesel as a fossil energy source is replaced by a renewable energy source. At 
least three reasons are advanced as to why this is not so [Frondel, 2007]. Firstly, the heating 
values are different. While the heating value of biodiesel roughly amounts to 32,8 MJ/l, the 
heating value of conventional diesel is as high as 35,7 MJ/l [Frondel, 2007; quoting IEA, 
1999, p20]. Consequently, only 0,92 litre of conventional diesel is needed for the same 
performance as 1 litre of biodiesel and vehicles using diesel will travel roughly 10% further 
than those using the same amount of biodiesel. Secondly, the production of the feed stock 
used for making biodiesel requires agricultural machinery which is invariably fuelled by 
diesel, and energy, mostly derived from fossil sources, which was used during manufacture. 
The same constraints apply to the fertilizers and pesticides and in both cases manufacturing 
energy should be included in any serious net energy balance [Frondel, 2007]. Thirdly, the 
refinement of diesel originating from crude oil requires less energy than the conversion of 
feed stock such as an oil seed to biodiesel. The latter process is said to be quite energy 
intensive [Frondel 2007], as can also be deduced from the information reported in sections 
5.6.3 and 5.7.3 in the main document. 
 
In a well to wheel analysis, especially in the case of biodiesel, there are a large number of 
variables with considerable spread in their values. A case in point is the yield of oil seed per 
hectare, this yield being influenced by natural phenomena such as rainfall, soil fertility and 
other variables unique to the agro-business. At the same time, in the net energy balance 
credits can be given for the energy content of products such as oil cake meal and glycerol. 
Irrespective of a concrete estimate or an empirical study, a thorough energy balance shows 
that biodiesel is not a perfect substitute for conventional diesel. Only about two thirds, more 
or less, of fossil resources in the form of diesel can be saved by substituting biodiesel for 
conventional diesel [Frondel, 2007]. 
 
The debate can be advanced by considering life cycle assessments (LCA) of all the impacts 
the emissions generated during the well to wheel cycle of fossil fuels and the fields to wheel 
cycle for biofuels respectively. The emissions can have various impacts on environmental 
themes, such as the greenhouse effect, acidification, eutrophication, toxication, ozone layer 
depletion and photochemical smog [Hamelinck, 2005]. In LCA studies in general there are 
many assumptions that cannot be made fully objectively. 
 
In a Dutch study using rape seed as feed stock, it was found that on fossil energy carrier 
depletion, the biodiesel chain performs about 57% better than the fossil fuel chain, which 
consumes 3,1 MJ/km [Hamelinck, 2005]. Producing rape seed feed stock consumes 0,65 
MJ/km, of which 80% is for fertiliser production and the remainder mainly in tractor use. The 
conversion to biodiesel consumes 0,64 MJ/km, with methanol production at 38% the largest 
consumer of fossil fuel; 19% energy is taken up in heat required in the plant with smaller 
amounts of energy used in feed stock drying and the expression of oil. In the climate impact 
category, changes stem from agricultural activity at 34% for energy use, 31% in fertiliser 
production and 33% in fertiliser application. On the impacts acidification and eutrophication, 
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it was found that the biodiesel chain performs worse than the fossil diesel chain, due to the 
larger net fertiliser consumption per km driven. Two pesticides used in the agricultural step 
had a 77% terrestrial toxicity impact [Hamelinck, 2005]. These results cannot be applied to 
the South African case without extensive reworking. The feed stocks are different, fertiliser 
application is different, agricultural practices are not the same, the co-product meal in the 
Dutch case needs to a large extent be substituted by imported meal, the raw materials for 
methanol production may be different, the capacities of production plant will not necessarily 
be 150 000 tonnes per year and different distribution patterns and consumption apply. 
 
The feed stock could, however, be different to the vegetable oils used in a number of 
studies. In a study on producing biodiesel derived from tallow, the energetics  (energy ratio 
(ER)) were assessed for three system boundaries namely the transesterification process 
(case 1); adding the rendering plant operations (case 2); and using the animal growth life 
cycle (case 3). The energy ratio estimates for case 3 on a mass, value and replacement 
basis were calculated to be 0,81; 0,83 and 0,89 respectively [Nelson, 2006]. In contrast both 
cases 1 and 2 showed values greater than unity. A value greater than 1 indicates a 
favourable energy conversion where the thermal energy contained in methyl tallowate has 
been determined to be 35.4 MJ L‾¹. The same swing between cases 1 and 2 on the one 
hand and case 3 on the other hand was observed in the work on comparing tallow biodiesel 
and poultry fat [López, 2009]. For palm oil, system boundaries are shown in Figure 12.26. 
 

 
 
Figure 12.26  Schematic presentation of system boundaries. [Angarita, 2010] 
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For different oleaginous plants their productivity per hectare will  be different and that has an 
effect on the energy output/input ratio. In Table 12-3 castor oil was taken at a productivity of 
1800 kg/ha; from a Lithuanian study rape seed at 3 ton/ha; for Colombia three cases for 
fresh fruit palm oil bunches (FFB) ranging between 21-25 ton/ha compared to three cases in 
Brazil with the range 3-5 ton FFB/ha [Angarita, 2009].  
 

Table 12-2  Comparison of energy output/input ratios from different studies 
[Acknowledgment: Angarita, 2009] 
 

Biodiesel Energyoutput/input ratio 

Rapeseed (Europe)   1,7 

Soybean (EUA) 3,2 – 3,4 

Sunflower-rapeseed (Europe) 2,4 – 5,23 

Castor (Brazil) 2 – 2,9 

PME (Brazil) 4,7 

PME (Colombia) 4,92 

Palm oil Biodiesel (Brazil)  5,6 

 
 
A view is that energy ratio is an indicator of the non-sustainability of a fuel [von Blottnitz, 
2007]. If it is the ratio of fuel energy delivered, compared to the primary fossil energy needed 
by the system, it is argued that a system with a ratio of less than one (<) has no place in a 
sustainable world. In South Africa this is tempered by the fact that crude refining achieves 
0,95 while the Carbon to Liquid (CtL) process at Sasol Secunda has a value of ~0,2. Thus 
even if a biofuel system is non-sustainable, if it has a value between 0,2 and 0,95, it will help 
with social development.  
 
In the end what needs to be determined are the net societal benefits of displacing fossil fuels 
with the alternative fuel such as biodiesel produced from a particular feed stock if for 
example used as a transportation fuel. These benefits will need to include environmental, 
economic, and energetic costs and benefits as analysed for a specific case. 
 
The socio economic implications of biofuels production thus need to be strategically 
assessed where sustainability principles will form one dimension. The common approach of 
using sustainability principles and criteria for assessing biofuels production are not 
necessarily the correct approach for developing countries and it is argued that the key 
national benefit, in particular in sub-Saharan Africa should be rural development [von Maltitz, 
2011]. These researchers, in a working paper for the Center for International Forestry 
Research (CIFOR), identify 17 desirable outcomes which they cluster into four themes: 
livelihoods and development; energy poverty and security; attracting appropriate investment 
and sustainable land use. Most of the sustainablilty objectives identified in the working paper 
are also captured in Figure 12.27, it  concludes though that it would be counterproductive 
and ethically and morally wrong if biofuels were used for national and economic 
development  at the expense of increasing poverty within communities in the affected rural 
areas. 
 
If a more holistic view is then taken on biofuels in terms of energy security, food security, 
climate change and sustainable rural development, biofuels will be the link between the 
advantages or drivers for their promotion and the disadvantages and effects resulting from 
promoting greater use. This was debated at the workshop on Land Use Planning and 
Agriculture in Chennia, India by the International Institute for Applied System Analysis during 
April 2010 [IIASA, 2010]. 
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Figure 12.27 Biofuels linkage with constraints and opportunities in land and 
environmental issues [IIASA, 2010] 
 
Biofuels may only be one answer to accomplish four enormous tasks simultaneously and 
accept that growth dependent on fossil fuels will decline and economies will shrink. These 
tasks are [Heinberg, 2010]: 
      “ 

1. Rapidly reduce dependence on fossil fuels. 
2. Adapt to the end of economic growth. 
3. Design and provide a sustainable way of life for 7 billion people. 
4. Deal with the environmental consequences of the past 100 years of fossil fuelled 

growth. 
                 “ 

Although it will not be further explored in this dissertation, another approach will be to shift 
agricultural paradigms by for example developing systems to close the loop of nutrient flows 
from micro-organisms and plants to animals and back, powered and irrigated as much as 
possible by sunlight and seawater [Federoff, 2010]. These approaches can entail 
aquaculture, the use of halophytes and genetically modified (GM) crops, and ways to 
reverse the flow of nutrients and soil to the sea, the cause of the dead zone in the Gulf of 
Mexico at present. These phenomena are present, but possibly not as vividly observed in 
many other parts of the world where intensive agriculture is practised. It is apt to note that a 
report to the Global Energy Partnership on “the Biofuels Market: Current Situation and 
Alternative Scenarios” states that “biofuels are currently at a crossroads” [UNCTAD, 2009]. 
The report cites a number of reasons: 
 

 The rapid increase in agricultural and food prices fuelled by the use of grains and 
oilseeds for biofuel production which calls into question the ethics of diverting land 
and crops for energy production. 

 Agricultural expansion possibly encroaching environmentally sensitive areas and the 
production of biofuels nullifying their contribution to decreasing GHG emissions. 
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 Environmental degradation and loss of biodiversity together with excessive use of 
fertilizers, pesticides and the over exploitation of water resources. 

 Current biofuel policies encourage higher energy consumption in the transportation 
sector and are not geared to energy conservation as less driving of vehicles is not 
encouraged. 

 A win-win situation for the environment and rural development should be in place but 
different countries have their own objectives and priorities on the energy variables 
namely energy independence, climate change stabilization, rural development and 
export opportunities. 

 
It should be noted that for the developing world in general and sub-Saharan Africa in 
particular, there are even more complexities, which if left to market forces alone, will not 
resolve strategic development needs at national level [von Maltitz, 2011]. 
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13 APPENDIX E: SUPPORTIVE INFORMATION TO CHAPTER 3 ON 
ENERGY IN THE TRANSPORTATION SECTOR 

 

13.1 OVERVIEW 

 
 
It is said that transport improvements occupy a key position in the history of the Industrial 
Revolution, operating both as a cause and as an effect of countless other changes [Derry, 
1960].  Two great new social phenomena of the industrial age, widespread urbanization and 
mass emigration, enabled men to envisage the whole world as a single economic unit, the 
link between countries and the movement of goods and products being the various means of 
transportation; ships, rail, vehicles, aircraft and other forms of modern transport, as opposed 
to the pre-industrial age carriers such as man himself and animals. In this dissertation, from 
a transport perspective, the focus will be on liquid fuels associated with vehicular traffic, and 
more specifically biodiesel.  
 
If the genesis of the industrial civilisation from its start in England in the eighteen century is 
analysed, the tendency towards the production of goods on a large scale created a need for 
low cost fuel production [Carioca, 2009]. Firstly, an intensive use of coal was observed in 
substitution of wood. Secondly, as the oil industry developed, it brought to society the use of 
liquid fuels which in turn provided the stimulus for the growth in the transport industry. 
Despite concern about an associated increased concentration of CO2 in the atmosphere, 
economic development proceeded at an unrelenting pace with its associated phenomena 
such as urbanization and pollution. Data shows that 25% of the population living in 
industrialised countries use about 75% of the world’s natural resources; control 
approximately 88% of the world’s total production; 80% of its trade and investments and 
94% of its industrial products [Carioca, 2009]. 
 
Over the next 25 years, world demand for liquid fuels is projected to increase more rapidly in 
the transportation sector than in any other end-use sector. The transportation share of total 
liquid fuel consumption is over 50% and increases in the non-OECD countries by an average 
of 2,7 percent per year as compared with an average of 0,3 percent (%) for the OECD 
countries [EIA, 2009]. In the U.S., transportation accounts for nearly 30% of the total energy 
demand [Wassel, 2009]. 
 
The complimentary forces in this growth are seen to be the strong growth in energy 
consumption as transportation systems are modernised and income per capita increases the 
demand for personal motor vehicle ownership, especially in the non-OECD countries where 
rapid urbanization is predicted [EIA, 2009]. Secondly, it was noticed that as oil prices 
increased significantly, end-use sectors like electrical power and industry switch to other 
fuels where possible, in contrast to the transportation sector where liquid fuels remain the 
most widely used energy source and the impact of higher prices seems more modest [EIA, 
2009]. 

13.2 MODES OF TRANSPORTATION AND IGNITION COMPRESSION FUELS 

 
In the transportation sector, energy provides mobility for people and goods. For people, 
mobility provides access to employment opportunities, services, socialising, and 
entertainment and leisure activities.  For businesses, mobility provides access to the means 
of production (raw materials, human resources, and the output of other businesses), as well 
as access to markets for products. The access is coupled to transportation equipment and 
infrastructure as compared to access in communication technologies and financial services. 
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These amenities, by reducing traffic congestion, air pollution and other burdens imposed by 
industrialization, have actually reduced transportation energy demand [EIA, 2009]. 
 
A mode of transportation utilising vast quantities of diesel in the U.S., is the use of 
commercial trucks which burned approximately 22 billion US gallons of diesel in 2010 
[Yarris, 2011]. Compared to reductions mentioned in using other amenities, the use of 
commercial trucks creates a huge carbon footprint. This is also the case in South Africa 
where trucks in many cases replaced rail transport in moving goods from the coastal cities to 
inland markets and on the other hand moving commodities to the coast for export. This 
phenomenon will be discussed in more detail in Chapter 4 of this dissertation. 

13.2.1 Forms not involving Otto cycle kinetic energy 

 
In essence forms not involving Otto cycle kinetic energy in providing the power for modes of 
transportation were available before the Industrial Revolution. In contrast, the means of 
transportation changed when engines for vehicles were introduced. The Otto cycle form of 
transportation in the sense of engines for vehicles, has since the Revolution continuously 
being worked on and refined to the  present. 
 
Transportation is thought of in the context of the human being, but for example, beavers 
have a unique way of transporting felled timber along miniature canals of their own 
construction [Derry, 1960]. Other examples are predators dragging their prey to a convenient 
spot, even into trees and bees, ants and termites, harvesting food. The difference lies in the 
human being using other modes of transportation than his own energy to perform 
transportation work. There is evidence that the human being used the ass in upper Egypt 
and Mesopotamia at the beginning of the dynastic period 3000 B.C. as pack animals, not to 
mention caravans of pack animals like asses, camels and mules moving over vast distances 
for trade. Even the invention of the wheel seems to have been around in 3500 BC [Derry, 
1960]. 
 
Before the Industrial Age, ships, rail roads, river boats, rafts and animal drawn vehicles were 
and are still in use, some limitations being the energy carrier such as the wind or the lack of 
infrastructure such as rails. In the context of renewable energy, steam derived from the 
burning of coal or the production of coal gas form limitations, as for example the Suez canal 
became a practical thoroughfare because of steam ships which did not rely on wind such as 
for ships sailing the high seas, which opened the world a few centuries ago.  
 
It is recognised that modern forms of transport, such as nuclear powered ships, electric 
vehicles, space ships, air balloons to name but a few examples, are in various stages of 
development, but developments on these modes do not warrant a comprehensive 
discussion in the window of the time period this dissertation is addressing.. 

13.2.2 Ignition/combustion and ignition/compression 

 
The steam engine did not play an important role in the early phases of the Industrial 
Revolution, but it had a decisive effect on many technological advances in the 19th century 
[Derry, 1960]. In contrast, a gunpower driven internal combustion engine invented by 
Huygens and Papin, came into being at the same time as the steam engine with coal gas 
soon to be used as the energy carrier. As the misteries of electricity and the production of 
sparks to ignite the mixture in the gas chamber of the engine could be harnessed,  the 
locomotion associated with the engine because of the use of coal gas became the limiting 
factor in its exploitation. 
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In 1876 Nicklaus Otto invented an internal combustion engine in which mixed fuel and air 
was introduced into a cylinder and a spark or flame was used to ignite this mixture at the 
appropriate time, this engine being the predecessor to the modern petrol or gasoline engine. 
The preferred fuel for the petrol engine was the hydrocarbon octane and the characteristics 
of the fuel in use on any petrol driven vehicle is measured on its octane rating. 
 
 Air gets hotter as it is compressed and if the compression ratio in the cylinder is too high, 
the heat of compression will ignite the fuel, the principle of the diesel engine for which Rudolf 
Diesel received a patent in 1893. The fuel with which comparisons are made is the 
hydrocarbon cetane, hence the terminology cetane rating to compare various fuels for diesel 
engine use. Today, diesel engines are classified as “compression-ignition” engines and Otto 
engines are classified as “spark-ignition” engines [Radich, 2007]. The principles of the diesel 
engine were set forth by Diesel in his “Theorie und Konstruktion eines Rationellen Wärme-
motors” and relied on the high thermal efficiency created with the extremely high 
compression ratio of the engine as the pistons moved [Derry,1960]. 
 
In the refined petroleum products market, a 2008 consumption comparison indicates diesel 
fuel to account for 27,0% and petrol or motor gasoline for 25,6%. Petrol is used in Otto-cycle 
engines which have a lower combustion efficiency compared to the ignition compression 
mode of operation of the diesel engine [Johnston, 2007]. The inherent diesel-cycle superior 
combustion efficiency makes for diesel vehicles to be used for the vast majority of 
commercial freight, construction, and infrastructure maintenance over a wide range of 
economic sectors [Johnston, 2007]. Typically, the efficiency of a diesel fuelled engine is 
about 44% against 24% for a petrol (gasoline) engine [Dry, 1999]. 

13.2.3 Fuels for ignition compression engines 

13.2.3.1 Vegetable oils and animal fats 

 
Fats and oils are primarily water insoluble, hydrophobic substances in the plant and animal 
kingdom as more fully described in Chapter 5. Natural vegetable oils and animal fats are 
extracted or pressed to obtain crude oil or fat [Jha, 2004]. 
 
The use of vegetable oils in diesel engines is nearly as old as the diesel engine itself. The 
inventor of the diesel engine, Rudolf Diesel, reportedly used groundnut (peanut) oil as a fuel 
for demonstration purposes at the Paris fair in 1900. Some other work was carried out on the 
use of vegetable oils in diesel in the 1930s and 1940s. The fuel and energy crises of the late 
1970s and 1980s, as well as accompanying concerns about the depletion of the world’s non-
renewable resources, provided the incentives to seek alternatives to conventional petroleum 
based fuels and vegetable oils featured. The most advanced work with sunflower oil 
occurred in South Africa [Jha, 2004]. 
 
As the depletion of fossil derived fuels is a primary driver for using fats and oil and their 
derivatives as fuels, the most obvious choice is to extend fossil fuels by blends, i.e. diluting 
the fuel with oils from plant origin. The work by Caterpillar Brazil showed that the direct use 
of vegetable oils or blends of these oils with diesel was not considered satisfactory for both 
direct and indirect diesel engines. The high viscosity, acid composition, free fatty acid 
content, as well as gum formation due to oxidation and polymerization during storage and 
combustion, carbon deposits and lubricating oil thickening, were all observed to be 
problems. In pre-combustion chamber engines with a mixture of 10% vegetable oil in diesel, 
the total power was maintained without any alteration or adjustments to the engine [Singh, 
2010]. 
 
A second method of extending diesel resources is through emulsions with plant oils. A 
micro-emulsion is defined as a colloidal equilibrium dispersion of optically isotropic fluid 
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microstructure with dimensions generally in the 1-150 μ range formed spontaneously from 
two normally immiscible liquids and one or more ionic or more ionic amphiphiles. They can 
improve spray characteristics by explosive vaporization and improve cetane numbers [Singh, 
2010]. 
 
Neat vegetable oils and recycled greases (also called waste cooking oil or yellow grease) 
that have not been processed into mono-alkyl esters are not biodiesel. In the U.S. it is not 
legal to use these oils as a motor vehicle fuel as they are not registered with the United 
States Environmental Protection Agency (EPA). These raw oils are used as fuel extenders 
or fuel substitutes, but are physically and chemically different to diesel and will generally 
cause negative effects on emissions and engine durability where engines are not specifically 
designed to accommodate their properties [EPA, 2007]. 

13.2.3.2 Petroleum diesel 

 
Petroleum-derived diesel is composed of about 75% saturated hydrocarbons (primarily 
paraffins including n, iso and cycloparaffins) and 25% aromatic hydrocarbons (including 
naphthalenes and alkylbenzenes). The average chemical formula for common diesel fuel is 
C12H26 , ranging from C10H20 to C15H28 [Singh, 2010]. In section 3.7.3 in this chapter the 
composition of crude oil and the physical properties of petroleum products will be given to 
show where diesel fits in terms of distillation range. 

13.2.3.3 Biodiesel 

 
Biodiesel is a renewable fuel produced from vegetable oils such as rape seed oil, sunflower 
oil, canola oil, a variety of other oils containing triglycerides, also known as acyl glycerols, 
used frying oils or animal fats [EBB, 2009]. In the transport sector, it may be effectively used 
both when blended with fossil diesel fuel and in pure form. Minor modifications are required 
to seals and piping when used in its neat or pure form due to its solvency characteristics and 
detergent like properties. The use of biodiesel as a transport fuel does not require any 
changes in the fuel distribution system, except in pipe lines, therefore avoiding expensive 
infrastructure changes for oil companies and other distributors to the consumer or end user. 
Biodiesel is also used as an efficient heating oil [EBB, 2009]. 

13.2.3.4  Diesel derived from other sources 

 
Triglycerides typically have molecular weights in excess of 800 g/mol and are complex 
molecules compared to the hydrocarbons obtained from processing crude oils. Another 
deterrent to their use in ignition compression fuels is their viscosity. Using methodologies 
such as pyrolysis and the cracking of oils and fats, compounds are produced with molecules 
smaller than their triglyceride source and thus more suitable to be used as a fuel [Helwani, 
2009]. 
 
Pyrolysis is a method of converting one substance into another by means of heat or by heat 
with the aid of catalysts in the absence of air or oxygen. The process is simple, wasteless, 
pollution free and effective compared to other cracking processes [Singh, 2010]. As an 
example, with the rotary drum pyrolysis, as practised in the VTA-LTC thermal decomposition 
of industrial, municipal and recycling materials, the reactor operates at 950 ºC in a reducing 
atmosphere. It has an internal rotary body with 100% seals and static heads and can do a 
throughput of 7-9 tonnes/day for the thermal conversion of coal tar pitch, but the process has 
an almost unlimited operational scope. 
 
Pyrolysis is not very selective and a wide range of compounds is obtained during 
processing. Depending on the triglyceride source and pyrolytic method employed, alkanes, 
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alkenes, aromatic compounds, esters, CO2, CO, water and H2 are produced in varying 
proportions. Solid residues of ash and carbon are created and oxygen is removed from the 
substrate molecules, introducing additional separation steps. This results in such fuels being 
environmentally not as acceptable as petroleum based fuels. [Helwani, 2009]. 
 
It has been reported that amongst the by-products of tire pyrolysis a No 2 diesel equivalent 
oil is recovered, together with recovered steel and carbon black [Sims, 2010]. The carbon 
recycling firm is Carbon Green Inc. from Vancouver, British Columbia, who also operates a 
tire recycling facility in Limasol, Cyprus. This facility is capable of processing 8 000 tonnes of 
tires annually (800 000 tires) and aims to process 145 000 tonnes of tires by 2014. The 
significance of this industrial biofuel initiative is that 8 billion tires are available (estimated) for 
processing and that Carbon Green Inc. has entered into a development project with Hunt 
Global Resources Inc., a wholly-owned subsidiary of Tombstone Technologies Inc., who 
produces a similar diesel substitute called LoNOX from non-food-based cellulosic sources. 
This product will be blended with the tire pyrolysis product to have a product that will exceed 
U.S. EPA mandates for marine fuel, and stationary diesel engine uses. 
 
Catalytic cracking has been used to control the types of product obtained in the cracking of 
triglycerides using a vast variety of catalysts, but in general more petrol like products are 
then produced [Helwani, 2009]. 
 
Sweet biodiesel can best be described as a second generation biodiesel as its pathway uses 
biological science to convert sugars derived from biomass into lipids with an unique 
fermentation micro-organism. The lipids are then converted into fuel molecules through 
chemical or thermo-catalytic processes [Biofuels news, 2009 (August 13)]. This product rests 
on technology that is claimed to have been around for some 20 years as developed by 
Martek Biosciences, a Maryland U.S. company. The multinational BP Plc through BP 
Biofuels invested $10 million, circa mid 2009, in a joint development to commercialise the 
production of biodiesel as an alternative to using conventional vegetable oils as feed stock. It 
is known that multi-national oil companies are selective in sponsoring the development of 
renewable fuels as their criteria include scale and high yield, as for example the investment 
of $600 million by Exxon in algae technology [ Biofuels news, 2009 (July 16)]. 
 
If the described technology can be commercialised, it will be a step change in biodiesel 
production technology as it offers a renewable fuel with greenhouse gas reduction and the 
potential to convert vast amounts of biomass, including sugar cane, into lignocellulosic type 
biofuels. The pressure on vegetable oils as biodiesel feed stock will be relieved as well as 
releasing the oils for the edible market. At present there is however not enough commercial 
information available on this product to consider it in this study. 
 
Similarly, a product known as ”Hycadiesel” has been tested in small diesel engines but it is 
not available in commercial quantities. It uses a ‘hyperstabilized re-usable lipase enzyme 
catalyst’ and is claimed to cancel out the need to deal with glycerol waste, the use of 
catalysts such as caustic soda, and it does not involve methanol distillation. It is claimed to 
have a 30% higher energy content than conventional FAME biodiesel. The U.K. based 
company responsible for its development is called Hycagen Ltd. 
 
It is not clear how close a product called SunFuel made from waste plant matter developed 
at the Freiberg pilot plant site of Choren Industries from Hamburg, Germany, is to the Martek 
product, but it is also stated to be diesel [Moreira, 2005]. BtL- or SunDiesel is based on a 
biomass to liquids process and has low aromatic hydrocarbons, with low sulphur emission 
levels and a high cetane number [Zerbe, 2006]. Moreira also reports on a ‘renewable diesel’ 
from the University of Wisconsin-Madison (Huber and colleagues) where biomass 
carbohydrates are run through a four-phase catalytic reactor to produce liquid alkanes. This 
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product, which separates from water during the process, can be blended with fossil fuel 
diesel [Moreira, 2005]. 
 
The process does not require distillation and is exothermic. It is divided into four parts where 
firstly a stream of processed biomass consisting of water and sugars is fed over a nickel-tin 
catalyst to strip off some of its hydrogen atoms. The stream is then treated with acids that 
take out most of the water. The resulting “goo” is then transported over a solid base catalyst 
which forms it into alkanes. The alkanes are then run through a platinum-silica-alumina 
catalyst at high temperature while the hydrogen from the first step is fed into the reactor. The 
resulting product has similar properties to diesel and burns in the same way with only water 
and heat as by-products [Verma, 2005]. 
 
Although not known as Fischer-Tropsch (FT) diesel in South Africa, a significant volume of 
diesel is produced by Sasol using FT technology with coal as feed stock. Synthetic biofuel 
production via biomass gasification and catalytic conversion to liquids (BTL) using the FT 
process offers a variety of potential biofuel production processes as shown in Figure 13.1 
[IEA, 2007]. In the figure the process is shown as it was envisaged using wood in an 
exergetic optimisation production process [Prins, 2004]. 
 

 
Figure 13.1 BLG - FT process block diagram for biomass conversion [Prins, 2004] 
 
 
In the BTL process the hydrocarbons are produced using synthesis gas. The main constraint 
in using the BTL process is related to the great variety of cellulose residues to be used and 
their low density, creating higher transportation costs of feed stocks and requiring larger 
gasification units than for coal. The biomass pre-treatment unit has to be linked with an 
adequate gasifier to produce and adjust the H2/CO ratio to feed the Fischer-Tropsch process 
through a shift reactor. It is also necessary to clean the synthesis gas to avoid contamination 
of the catalysts used in the FT process [Carioca, 2009]. 
 
In Norway work was done using the Choren plant in Germany as a model for a BTL process 
and FT catalytic conversion as a pathway converting wood into transport fuel. Switching 
conventional transport to this synthetic biodiesel for Norway could reduce greenhouse gas 
emissions up to 93%. For a 200 MW plant it is estimated that about 336 000 tons of biomass 
would be needed and about 86 million litres of diesel would result annually. The investment 
cost was given to be 1,2 – 1,5 billion NOK in 2006 money with a production cost of 10 
NOK/litre. Increasing plant size could reduce the production cost to 5,50 NOK and with more 
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research and development, it was suggested that a cost competitive to diesel at 3 NOK/litre 
could be achieved [Opdal, 2006].  
 
The synthesis of hydrocarbons from carbon monoxide (CO) hydrogenation over transition 
metal catalysts was discovered by Sabatier and Sanderens in 1902. The pressurized Fischer 
– Tropsch (FT) synthesis goes back to 1925 from work in the Kaizer Wilhelm Institute for 
Coal Research in the laboratory of Franz Fischer. From this work an industry was 
established that produced 600 000 tonnes of hydrocarbons in 1945 and is dominated by the 
South African company Sasol today. 
 
The FT synthesisis in principle is a carbon chain building process where –CH2- groups are 
attached to the carbon chain. Its two main characteristics are the unavoidable production of 
a wide range of hydrocarbon products (olefins, paraffines and oxygenated products) and the 
liberation of a large amount of heat from the highly exothermic synthesis reactions. 
 
If iron-based catalysts are used in the FT process, large amounts of linear alpha olefins and 
long chain linear paraffines are directly produced. The FT diesel fuel cut has an excellent 
cetane number (about 75 versus the petroleum diesel requirement of about 45). Operating 
the FT process under conditions to produce the maximum  amount of a product heavier than 
diesel, with a cobalt-iron based catalyst, temperatures 210 – 250 ºC, the heavier product can 
be hydrocracked selectively to yield about 80 percent aromatically free diesel, 15 percent 
naptha and 5 percent C1-C4 gas [Dry, 2004]. 
 
 In general the scale of most coal and natural-gas fed FT plants is far larger than could be 
supported by syngas from biomass feed stocks potentially available at a typical pulp-mill 
biorefinery. It was found though, that if a pulp-mill biorefinery were designed to maximise FT 
liquids outputs by employing BLG and waste-wood gasification, investment costs could 
match costs for other fuel outputs [Peckham, 2007].  For U.S. locations the biorefinery 
investment cost will be about $60 000 per daily barrel, compared to coal-to-liquids (CTL) 
diesel plants at $50 000 to $70 000 per daily barrel. Put in perspective, crude oil refining is 
shown to have about $15 000 per daily barrel capex for a 150 000 b/d plant, while large gas-
to-liquids plants have a capex range of $25 000 to $50 000 per daily barrel. 
 
For the U.S. with its large pulp-mill industry, during 2007 through biorefinery black-
liquor/forest residue gasification, nine billion gallons of FT fuel was seen possible. This 
compares with an earlier study estimating that 10% of the U.S. diesel fuel demand could 
have been supplied from this source [Peckham, 2007]. 
 
Sasol is known as one of the biggest greenhouse gas (GHG) producers in South Africa with 
its coal based FT fuels manufacturing. It is said that by some estimates Sasol is seen to be 
the largest point source of CO2 in its role to supply about 30% of South Africa’s annual 
consumption of petroleum products [Wakeford, 2007]. On the other hand, using biomass as 
feed stock, the net reduction in GHG emissions would be similar to that for some other 
renewable fuels. As the facility would have to be large-scale, it is possible to capture CO2 
and store it underground to mitigate the GHG associated with the facility. According to U.S. 
studies done during 2007, such gasification-based forest biorefineries could only be 
launched commercially, given suitable tax regimes, 5 to 10 years hence [Peckham, 2007]. 
 
Although it is only in the research and development phase, technology exists whereby 
industrial-scale carbon dioxide is converted into diesel fuel [Dixon, 2010]. At present the 
technology is prohibitively expensive, but a grant by the U.S. National Energy Technology 
Laboratory (NETL), a network of research laboratories owned by the U.S. Department of 
Energy, has enabled an impressive partnership of public and private research institutes to 
commercialise the relevant process. 
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In the process the molecules from captured carbon dioxide are subjected to solar thermal 
energy to break the molecular bonds with heat. Carbon monoxide is then formed along with 
a source of hydrogen, such as steam or methane. In the second stage of the process the 
carbon monoxide can then be reformed, akin to when FT technology is used, to generate 
hydrocarbons, and in this case diesel. In this way carbon originally from plant sources or 
fossil fuels is used twice before being released into the atmosphere. To make the process 
effective, large stationary sources of carbon dioxide need to be available, this for example, 
not being possible with emissions from automobiles. Stationary processes such as breaking 
down lime-stone or processing bauxite for aluminium or iron ore for steel making could be 
used, rather than considering CO2 from power stations. 
 
Renewable diesel is a non-ester based diesel blend derived from non-petroleum resources, 
such as plant oil or animal fat or waste. As renewable diesel is processed in a refinery along 
with petroleum stocks, it becomes indistinguishable from petroleum diesel, and does not 
need to be blended downstream of the refinery [EPA, 2007].  It does not qualify in the U.S. 
for a blenders’ tax credit as for biodiesel blends if produced through co-production with 
petroleum based diesel fuel [Wisner, 2009]. Renewable diesel uses a hydrogenenation 
process [Pira, 2008].  Some of its advantages are that it is better integrated within the 
current energy infrastructure and can be shipped by pipelines, either pure or blended, with 
petroleum diesel. As opposed to biodiesel, renewable diesel’s properties are not affected by 
the feed stock used in the production process [PIRA, 2008]. 
 
Another version of renewable diesel is the fuel produced by Cetane Energy, located in 
Carlsbad, New Mexico, U.S. The hydroprocessing technology will be utilized in biodiesel 
production by Healy Biodiesel in Kansas, U.S., to replace transesterification in a plant that 
was due to come on stream by April 2010, with a further four projects to be commercialised 
thereafter. The process deoxygenates bio feed stocks by adding hydrogen to produce a 
highly stable diesel that has higher energy density than conventional biodiesel and produce 
lower emissions [Biofuels news, 2009 (July22)]. 
 
Another renewable diesel that is clean and green is bisabolane which is an alternative to D2 
(No 2) diesel and is derived from the chemical hydrogenation of bisabolene. This is done via 
a mevalonate pathway with the microbes Escherichia coli and Saccharomyces cerevisiae. 
The principles are that bisabolane is a member of the terpene class of chemical compounds 
found in plants, secondly, terpenes contain 15 carbon atoms (compared to diesel fuel 
containing 10 to 24 carbon atoms) and thirdly, the bisabolene can be hydrogenated. The 
work is being done at the Joint BioEnergy Institute at the Lawrence Berkeley National 
Laboratory and the aim is to find a direct replacement from plants for diesel using microbes 
and fermentation technology [Yarris, 2011]. 
 
As diesel and biodiesel can be blended in any proportion with the latter fuel having a lower 
sulphur content and better lubricity properties, the convention in the U.S. is to follow this 
practice. There are no restrictions on the level of blending, but higher blends of biodiesel do 
modestly reduce fuel mileage because of the 11% lower energy content of biodiesel [Wisner, 
2009].  Similarly, mandates in the EU prescribe minimum levels of biodiesel blended into 
diesel. To reduce the harmfulness of exhaust gases and smoke emissions through the 
increase of oxygen content, bio-ethanol has been added to typically a B10 blend in the ratio 
of 40/60 in Iranian patent no. 39407, dated March 12, 2007, and the fuel called diesterol 
[Rahimi, 2009].  An further advantage claimed for this fuel is the reduction in sulphur content 
to offset the slight reduction in engine power and torque when tested in diesel engines. 
 
During 2010 the Finnish company Neste Oil, began marketing Neste Green Diesel which is 
classified to be renewable diesel. The majority of Neste Oil stations in Finland already offers 
a blend of 10% renewable diesel with conventional diesel which is claimed to lower 
emissions from vehicle tailpipes. The greenhouse gas reduction using this renewable diesel 
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NExBTL (which stands for “Next Generation Biomass to Liquid”),  is claimed to be 40-80% 
compared to using fossil diesel [Maula, 2010]. Neste Oil has significant capacity of 
renewable diesel already installed with two renewable diesel plants in Poovoo, Finland, each 
having a capacity of 190 000 tonnes per year. Furthermore, their 800 000 tonnes per year 
plant in Singapore with a cost tag of €550 million, was due to come on stream during the 
final quarter of 2010, employing 120 people [Maula, 2010].  A further plant being built in 
Rotterdam will also produce 800 000 tonnes annually, its completion at a cost of €670 million 
expected to be in 2011 [Biofuels-news, 2010 (May 27)]. This plant was announced as a 
hydrogenated vegatable oil plant and officially opened on 19 December 2011. The president 
and Chief Executive Officer of Neste, Matti Lievonen, predicts an annual demand of ten 
million tonnes of renewable diesel. 
 
The NExBTL technology  is partly based on patents and on much unpatented know-how and 
was originally developed when Neste Oil was part of the Fortum group. Its first generation 
technology is available commercially and its second generation technology is available 
technically. The latter technology is able to use any fatty acid, or highly oxygenated and 
unstable pyrolysis-derived bio-oils. Advantages of NExBTL fuel are: 
  

 It fits into existing infrastructure without incremental costs. 

 No storage stability problems. 

 Excellent performance in cold climates.  

 Very high cetane number (84 – 99) 

 Free of aromatics, sulphur, oxygen. 

 Reduces NOx, Pm, HC and CO exhaust emissions. 
 
Compared to GTL at 770-785 kg/m³,  FAME at 885 kg/m³ and diesel at 835 kg/m³ at 15 ºC, 
the density of NExBTL fuel is 775-785 kg/m³, its viscosity at 40 ºC in mm²/s being 2,9-3,5; 
compared to FAME at ~4,5 and diesel at 3,5 [Song, 2009]. The Neste Oil’s plants are feed 
stock flexible. It can use rape seed oil, waste animal fat and palm oil, but Neste plans to use 
sustainably sourced palm oil as its sole feed stock by 2015 [Biofuels news, 2009 (June 5)]. 
 
Another version of renewable diesel known as ‘Evolution’ diesel, utilises the tall oil extracted 
from the black liquor in pulp mills to produce diesel identified to fossil diesel molecularly 
[Simpson, 2011]. The Swedish company Preem spent $47 milllion (300 million Swedish 
kroner) over a period of six years to develop this technology and will produce 100 000 
tonnes of the product for the Swedish market in 2011. 
 
 In searching for processes to enable biodiesel production from more readily available bulk 
plant materials like sugars or cellulose, the biosynthesis of biodiesel-adequate fatty acid 
ethyl esters (FAEE) in metabolically engineered Escherichia coli was established 
[Kalscheuer, 2006]. The product called microdiesel, is a complete microbial synthesis of 
FAEE from simple and sustainable carbon resources [Röttig, 2010]. This process might 
allow the direct production of biodiesel from sugars. The fatty acid biosynthetic pathway can 
also be redirected to the production of long-chain alcohols and fatty esters [French, 2009]. 
The methodology used was the heterologous expression in E. coli  of the Zymomonas 
mobilis pyruvate decarboxylase and alcohol dehydrogenase and the unspecific 
acyltransferase from Acinobacter baylyi strain ADP1 [Kalscheuer, 2007]. Ethanol formation 
was combined with subsequent esterification of the ethanol with the acyl moieties of co-
enzyme A thioesters of fatty acids, if the cells were cultivated under aerobic conditions in the 
presence of glucose and oleic acid. The oleic acid presumably acted as an exogenous fatty 
acid [French, 2009]. It is claimed that this novel approach might pave the way for industrial 
production of biodiesel equivalents from renewable resources by employing engineered 
micro-organisms, enabling a broader use of biodiesel-like fuels in the future [Kalscheuer, 
2006]. 
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More information on this process route to produce fatty acid ethyl esters (biodiesel), fatty 
alcohols, and waxes directly from simple sugars has been reported by the Joint Bioenergy 
Institute (JBEI) at the Lawrence Berkeley National Laboratory, California, U.S.A.. 
Engineering of E. coli and engineering the biodiesel-producing cells to secrete 
hemicellulases, a step toward producing these compounds directly from hemicellulose, a 
major component of plant-derived biomass, has been achieved, but for industrial 
applications the demonstrated complete production scheme has to be strategised. This is 
suggested to include balancing enzymes in the pathway, condensing the pathway into a 
triple-operon, single plasmid system and subsequent chromosomal integration [Steen, 
2010]. The synthetic biology route used here is to engineer E. coli to no longer eat fatty acids 
or use them for energy. The fatty acids are cleaved from their carrier proteins and also 
hemicellulases are produced which are enzymes able to ferment hemicellulose, the complex 
sugars and a prime repository for the energy locked within plant cell walls [Yarris, 2010]. The 
importance of this process route is that the criticism associated with the production of 
biodiesel from plant and animal oils is avoided [Yarris, 2010].  Secondly, without the addition 
of expensive enzymes, the economics of cellulosic biofuels are improved.  
 
In photographs made available by the JBEI and reproduced here as Figures 13.2 and Figure 
3.3, the process is illustrated. In Figure 3.2 the rod-shaped e. coli is shown secreting oil 
droplets containing biodiesel fuel, along with fatty acids and alcohol. In Figure 13.3 it is 
shown that once e. coli. have secreted the oil, they sequester themselves from the droplets 
thereby facilitating oil recovery. 
 
 

                                         
 
 
 
Figure 13.2  Electron micrograph of rod-shaped E. coli secreting droplets of  
biodiesel, along with free fatty acids and alcohol [Steen, 2010]  
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Figure 13.3  Optical image of E. coli as they sequester themselves, facilitating oil 
recovery [Steen, 2010] 
                                                                
The Earth has in fact an enormous quantity of bacteria estimated at five nonillion (5 times 10 
to the power of 30), of which many are beneficial bacteria vital to life. Possibilities for the use 
of these bacteria include microbial fuel cells as a reliable alternative to batteries, but 
research around biomass derived carbohydrates are perhaps more exiting [Steen, 2010; 
Yarris, 2010].  
 
The synthetic biology and biorefinery route is not restricted to the potential production of 
microdiesel. Long chain fatty alcohols can be enzymically reduced to alkanes. Certain algae 
like Botryococcus braunii produce high levels of both long – chain alkenes and branched – 
chain isoprenoid hydrocarbons. The isoprenoids have five-carbon precursors and enzymic 
and chemical reduction of 5- and 15- carbon products to yield petrol and diesel as a 
terpenoid biosynthetic pathway has been investigated [French, 2009].  Secondly, there is 
one tiny marine isopod, called a gribble, which has a digestive tract dominated by enzymes 
that can degrade cellulose and in the process convert it to sugars. Gribbles for centuries 
destroyed wooden ships, marine piers and docks, but it was only recently discovered that 
they have this unique ability that can be harnessed for biofuel production [Coxworth, 2010].  
 
Amongst naturally occurring types of diesel fuels is a substance called myco-diesel, not to 
be confused with “microdiesel”, also described in this section. This substance was 
discovered in a Patagonia rain forest and derives from a fungus Gliocladium roseum which 
was found inside the branches of an ancient family of “ulmo” trees (Eucryphia cordifolia).  
Normally this fungus produces gases but under strain and limited oxygen was found to 
produce a number of compounds associated with diesel fuel, which is obtained from crude 
oil [Boswell, 2008]. The fungus produces carbons that create mid-length chains, and these 
carbon chains are identical to many of those found in petroleum [Stern, 2008]. A similar 
phenomenon occurs with algae under strained conditions where oil is then produced [Klass, 
1998]. Compared to algae and other simple organisms producing hydrocarbons, none 
produced the explosive high energy density found in the fungus [Biofuels-news, 2008 
(November 5)]. The value in this discovery is not in the organism itself, but the genes 
responsible for the production of the hydrocarbon gases. Also there are certain enzymes that 
are responsible for the conversion of substrates such as cellulose to myco-diesel [Boswell, 
2008]. Research teams from Montana State University (MSU) and Yale are investigating the 
answers to a variety of questions, the discovery originally made by a team led by Prof. Gary 
Stroebel, MSU professor of plant sciences and plant pathology.  
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Only one reference could be found that offers more than a cursory description of in vivo 
synthesis of fatty acid alkyl esters (FAAE) as occurring in natural organisms [Röttig, 2010].  
 It is said that several micro-organisms, plants, insects and mammalian species possess the 
ability to synthesize FAEE, in the case of mammals sometimes as a consequence of ethanol 
consumption. Many yeasts and filamentous fungi such as Rhizopus arrhizus and 
Neurospora sp. have this ability and in the case of beetles and bees like Trogoderma 
garnarium or Bombus terrestris these serve as pheromones. Although these organisms are 
not of commercial importance as yet, in for example the production of biodiesel, they are 
involved with many processes such as the fermentation for ethyl esters producing aromas 
like ethyl decanoate  (flowery aroma) [Röttig, 2010].     
 
In Australia farmers are now growing Copaifera langsdorfii trees, nicknamed the diesel oil 
tree, which comes from Brazil; and this tree simply needs to be tapped in the same way that 
maple syrup and rubber are extracted. The oil does not need to be refined in any complex 
process; it simply needs to be filtered to remove impurities. The trees can produce oil for 70 
years, but they do take 20 years from planting to produce significant quantities of oil. 
Although not of economic significance in terms of this research, both the discoveries may 
end up completely changing the way biofuel production is researched and performed [Stern, 
2008]. 
 
The diesel tree is not the only tree of interest for biodiesel production in Australia. In a very 
interesting report from the Rural Industries Development Corporation (RIRDC), results on 
more than 200 species/provenances in Australia that have been evaluated for oil content are 
reported. Of these, 20 species with an oil content of more than 15 percent have been 
selected as having commercial potential [Ashwath, 2010]. Biodiesel made from one species, 
the Beauty leaf tree (Calophyllum inophyllum), which grows in Central- and Northern 
Queensland, meets ASTM standards, the yield of this species estimated to be up to 3 800 
litres of biodiesel per hectare, five to eight years after establishment. The conclusion from 
the RIRDC report was that up to ten native species can readily be used, grown either in 
monoculture or mixed cropping systems, as biodiesel feed stocks. It was acknowledged that 
for 11 species further research is required to select the optimal agronomic practices and 
harvesting techniques, as well as seed processing and biodiesel conversion process routes. 
The species identified were: Calophyllum inophyllum; Aleurites moluccana; Pongamia 
pinnata; Cocos nucifora; Santalum acuminatum; Syagrus romanzoffinia; Santalum album; 
Ricinus communis; Atalaya hemiglauca; Argemone mexicana and Azadirachta indica. A 
more detailed list of species and some properties as reported by Ashwath are found in 
Appendix C of this dissertation.  
  

13.3  TRANSPORT  FUEL CONSUMPTION 

 
One very important mode of transportation is the aviation industry, which is a target for 
politicians and environmentalists in the crusade against CO2 emissions [O’ Connell, 2009]. 
With traditional kerosene used as aviation fuel, the high standards of the aviation industry 
have been met, also on flashpoints and freeze temperatures. It was remarked by the head of 
environmental strategy at Boeing, Bill Glover, that a 50:50 blend of biofuel and normal 
aviation fuel exceeded expectations and had a superior technical performance when used in 
a KLM Boeing Jumbo Jet in late November 2009. In this case the feed stock was Camelina, 
an inedible green shrub. Camelina biofuel production is projected to be about 1 billion US 
gallons for aviation and biodiesel by 2025, creating 25 000 new jobs, producing over $5,5 
billion in revenues and $3,5 billion for agricultural income for U.S. and Canadian farmers 
[Lane, 2010; ( Biofuels Digest Camelina report)]. 
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14 APPENDIX F: LITERATURE CONSULTED FOR THIS STUDY 
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