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Abstract

Gasification provides a proven alternative to the dependence on petroleum for the
production of high value products such as liquid fuels and chemicals. Syngas, the
main product from gasification can be converted to fuels and chemicals via a number
of possible synthesis processes. Coal and natural gas are currently the main
feedstock used for syngas production. In South Africa (SA), Sasol operates the largest
commercial coal-to-liquids conversion process in the world, based on updraft fixed
bed gasification of low grade coal to syngas. Co-utilizing alternative and more
sustainable feedstock (such as biomass and wastes) with coal in existing coal-based
plants offers a realistic approach to reducing the costs and risks associated with

setting up dedicated biomass conversion plants.

An experimental and modelling investigation was performed to assess the impacts of
co-gasifying two of the most commonly available agricultural wastes in SA
(sugarcane bagasse and corn residue) with typical low grade SA coals, on the main
products of updraft fixed bed gasification, i.e. liquid condensates and syngas.
Condensates are produced in the pyrolysis section of the updraft gasifier, whereas
syngas is a result of residual char conversion. An experimental set-up that simulates
the pyrolysis section of the gasifier was employed to investigate the yield and
composition of devolatilized products at industrially relevant conditions of 26 bars
and 400-600°C. The results show that about 15 wt% of coal and 70 wt% of biomass
are devolatilized during the pyrolysis process. The biomass derived condensates
were determined to comprise of significantly higher quantities of oxygenates such as
organic acids, phenols, ketones, and alcohols, whereas coal derived hydrocarbon
condensates were dominated by polycyclic aromatic hydrocarbons, creosotes and
phenols. Results of investigation into the influence of coal-biomass feedstock mix
ratio on yields of products from pyrolysis show limited evidence of non-additive or
synergistic behaviour on the overall distribution of solid, liquid and gas yields. On the
other hand, in terms of the distribution of specific liquid phase hydrocarbons, there

was significant evidence in favour of non-additive pyrolysis behaviour, as indicated
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by the non-additive yield distribution of specific chemicals. Synergistic trends could
also be observed in the thermogravimetric (TGA) study of pyrolysis under kinetically
controlled non-isothermal conditions. Model free and model fitting kinetic analysis
of the TGA data revealed activation energies ranging between 94-212 kJ mol™ for the
biomass fuels and 147-377 kJ mol™ for coal. Synergistic interactions may be linked to
the increased presence of hydrogen in biomass fuels which partially saturates free
radicals formed during earlier stages of devolatilization, thereby preventing
secondary recombination reactions that would have produced chars, allowing for the

increased formation of volatile species instead.

Analysis of char obtained from the co-pyrolysis experiments revealed that the fixed
carbon and volatile content of the blended chars is is proportional to the percentage
of biomass and coal in the mixture. CO, reactivity experiments on the chars showed
that the addition of biomass to coal did not impose any kinetic limitation on the
gasification of blended chars. The blended chars decomposed at approximately the
same rate as when coal was gasified alone, even at higher biomass concentrations in
the original feedstock blend. Based on these observations, a semi-empirical
equilibrium based simulation of syngas production for co-gasification of coal-
biomass blends at various mix ratios was developed using ASPEN Plus. The model
showed that H,/CO ratio was relatively unaffected by biomass addition to the coal
fuel mix, whereas syngas heating value and thermal efficiency were negatively
affected. Subsequent evaluation of the production cost of syngas at biomass inputs
ranging between 0-20 wt% of coal reflected the significant additional cost of pre-
treating biomass (3.3% of total capital investment). This resulted in co-gasification
derived syngas production costs of ZAR146/tonne (ZAR12.6/GJ) at 80:20 coal-
biomass feedstock ratio, compared to a baseline (coal only) cost of ZAR130/tonne
(ZAR10.7/GJ). Sensitivity analysis that varied biomass costs from ZARO — ZAR470
revealed that syngas production costs from co-gasification remained significantly
higher than baseline costs, even at low to zero prices of the biomass feedstock. This
remained the case even after taking account of a carbon tax of up to ZAR117/tCO..

However, for range of carbon tax values suggested by the SA treasury (ZAR70 tCO,; to
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ZAR200 tCO,), the avoided carbon tax due to co-feeding biomass can offset between

40-96% of the specific retrofitting cost at 80:20 coal-biomass feedstock mass ratio.

In summary, this dissertation has showed that in addition to the widely recognized
problems of ash fouling and sintering, co-feeding of biomass in existing coal based
updraft gasification plants poses some challenges in terms of impacts on
condensates and syngas quality, and production costs. Further research is required
to investigate the potential in ameliorating some of these impacts by developing
new high value product streams (such as acetic acid) from the significant fraction of

condensates derived from biomass.
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Opsomming

Vergassing bied 'n beproefde alternatief vir die afhanklikheid van petroleum vir die
produksie van hoé waarde produkte soos vloeibare brandstof en chemikalieé.
Sintese gas, die belangrikste produk van vergassing, kan omgeskakel word na
brandstof en chemikalieé deur 'n aantal moontlike sintese prosesse. Steenkool en
aardgas is tans die belangrikste grondstowwe wat gebruik word vir sintese gas
produksie. In Suid-Afrika (SA) bedryf Sasol die grootste kommersiéle steenkool-tot-
vloeistof omskakelingsproses in die wéreld, gebaseer op stygstroom vastebed
vergassing van laegraadse steenkool na sintese gas. Die gebruik van alternatiewe en
meer volhoubare grondstowwe (soos biomassa en afval) saam met steenkool in die
bestaande steenkool-gebaseerde aanlegte bied 'n realistiese benadering tot die
vermindering van die koste en risiko's wat verband hou met die oprigting van

toegewyde biomassa omskakelingsaanlegte.

'n Eksperimentele en modelleringsondersoek is uitgevoer om die impak van
gesamentlike vergassing van twee van die mees algemeen beskikbare landbou-
afvalprodukte in Suid-Afrika (suikerriet bagasse en mieliereste) met tipiese
laegraadse SA steenkool op die vernaamste produkte van stygstroom vastebed
vergassing, dws vloeistof kondensate en sintese gas, te evalueer. Kondensate word
geproduseer in die piroliese gedeelte van die stygstroomvergasser, terwyl sintese
gas 'n resultaat is van die omskakeling van oorblywende houtskool. 'n
Eksperimentele opstelling wat die piroliese gedeelte van die vergasser simuleer is
gebruik om die opbrengs en die samestelling van produkte waarvan die vlugtige
komponente verwyder is by industrie relevante toestande van 26 bar en 400-600°C
te ondersoek. Die resultate toon dat ongeveer 15% (massabasis) van die steenkool
en 70% (massabasis) van die biomassa verlore gaan aan vlugtige komponente tydens
die piroliese proses. Daar is vasgestel dat die kondensate afkomstig van biomassa uit
aansienlik hoér hoeveelhede suurstofryke verbindings soos organiese sure, fenole,

ketone, en alkohole bestaan, terwyl koolwaterstofkondensate afkomstig uit

steenkool oorwegend bectaan uit polisikliese aromatise verbindings, kreosote en

Vi
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fenole. Die resultate van die ondersoek na die invloed van die verhouding van
steenkool tot biomassa grondstof op piroliese opbrengste toon beperkte bewyse van
nie-toevoegende of sinergistiese gedrag op die algehele verspreiding van soliede,
vloeistof en gas opbrengste. Aan die ander kant, in terme van die verspreiding van
spesifieke vloeibare fase koolwaterstowwe, was daar beduidende bewyse ten gunste
van 'n sinergistiese piroliese gedrag. Sinergistiese tendense is ook waargeneem in die
termogravimetriese (TGA) studie van piroliese onder kineties beheerde nie-
isotermiese toestande. Modelvrye en modelpassende kinetiese analise van die TGA
data het aan die lig gebring dat aktiveringsenergieé wissel tussen 94-212 kJ mol™ vir

biomassa brandstof en 147-377 kJ mol™ vir steenkool.

Ontleding van die houtskool verkry uit die gesamentlike piroliese eksperimente het
aan die lig gebring dat die onmiddellike kenmerke van die gemengde houtskool die
geweegde gemiddelde van die individuele waardes vir steenkool en biomassa
benader. CO, reaktiwiteitseksperimente op die houtskool het getoon dat die
byvoeging van biomassa by steenkool nie enige kinetiese beperking op die
vergassing van gemengde houtskool plaas nie. Die gemengde houtskool ontbind
teen ongeveer dieselfde tempo as wanneer steenkool alleen vergas is, selfs teen
hoér biomassa konsentrasies in die oorspronklike grondstofmengsel. Op grond van
hierdie waarnemings is 'n semi-empiriese ewewig-gebaseerde simulasie van sintese
gas produksie vir gesamentlike vergassing van steenkool-biomassa-mengsels vir
verskeie mengverhoudings ontwikkel met behulp van Aspen Plus. Die model het
getoon dat die H,/CO verhouding relatief min geraak is deur biomassa by die
steenkool brandstofmengsel te voeg, terwyl sintese gas se verhittingswaarde en
termiese doeltreffendheid negatief geraak is. Daaropvolgende evaluering van die
produksiekoste van sintese gas vir biomassa insette wat wissel tussen 0-20%
(massabasis) van die hoeveelheid steenkool het die aansienlike addisionele koste van
die vooraf behandeling van biomassa (3.3% van die totale kapitale belegging)
gereflekteer. Dit het gelei tot ‘n produksiekoste van ZAR146/ton (ZAR12.6/Gl) vir
sintese gas afkomstig uit gesamentlike-vergassing van ‘n 80:20 steenkool-biomassa

grondstof mengsel, in vergelyking met 'n basislyn (steenkool) koste van ZAR130/ton

Vii
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(ZAR10.7/G)). Sensitiwiteitsanalise wat biomassa koste van ZARO - ZAR470 gevarieér
het, het aan die lig gebring dat sintese gas produksiekoste van gesamentlike
vergassing aansienlik hoér bly as die basislyn koste, selfs teen 'n lae of nul prys van
biomassa grondstof. Dit bly die geval selfs nadat koolstof belasting van tot

ZAR117/tCO,in ag geneem is.

In opsomming het hierdie verhandeling getoon dat, bykomend tot die wyd-erkende
probleme van as besoedeling en sintering, die gesamentlike gebruik van biomassa in
bestaande steenkool stygstroom vergassingsaanlegte groot uitdagings inhou in
terme van die impak op die kwaliteit van kondensate en sintese gas, asook
produksiekoste. Verdere navorsing is nodig om die potensiaal te ondersoek vir die
verbetering van sommige van hierdie impakte deur die ontwikkeling van nuwe hoé
waarde produkstrome (soos asynsuur) uit die beduidende breukdeel van kondensate

wat verkry word uit biomassa.

viii
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1 Motivation for the study and research objective

1.1 Introduction

The thermochemical conversion of solid carbonaceous fuels such as coal, biomass
and municipal waste has customarily been directed towards the production of heat
and power, predominantly via combustion [1-4]. In large and industrial scale
processes, coal is the main feedstock employed while biomass finds use in mostly
small to medium scale applications [4]. There is however, current considerable
interest in expanding the use of coal and biomass from such traditional uses, to the
production of higher value transport fuels and chemicals which presently are largely
obtained from petroleum and natural gas [2,5-9]. Interests in alternative sources for
these products were initially driven by uncertainties surrounding the long term
supply of oil and gas in the international market, concerns about which were first

observed during the oil crises in the 1970s [1].

Before the discovery and wide use of crude oil in the 1950s coal was the principal
source for a wide range of hydrocarbon derived chemicals. The main technologies
employed in its conversion were carbonisation (slow pyrolysis) and direct
liguefaction [2,4]. Carbonisation was used to produce mainly coke - a key resource
for the iron and steel industry. The process also yields pyrolysis tars which via
distillation and cracking formed the basis for the production of many chemicals
[3,10]. Direct liquefaction (or hydrogenation) employs hydrogen donor solvents to
aid the decomposition of coal’'s molecular structure at high temperature and
pressure and in the presence of catalysts, into a product called synthetic crude oil,
which can be further processed by conventional refining methods to liquid fuels and
chemicals [1,3]. Today, the main technologies available for thermally converting solid
feedstock into liquid fuels and chemicals are shown in Fig. 1-1. The first two routes,
direct liquefaction and pyrolysis are technically feasible but still have question marks
over their economic feasibility especially when compared to conventional oil and gas

based technologies [3].



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

‘  Direct | , Refini
[ | oirect }— Synthetic crude | e o
liquefaction

Solid Upgrading e.ﬁ. hydrotreating
Fuels
carbonaceous |
feedstock

5 Pyrolysis — Tar/oil Chemicals

Synthesis e.g. FT

> Gasification I Syngas

Figure 1-1: Main thermochemical pathways for liquid fuel and chemicals production

The third option shown in Fig. 1-1 — indirect liquefaction — has been in commercial
use since the 1960’s and involves the initial conversion of the solid feedstock into a
combustible gas mixture (called syngas) consisting mainly of H, and CO via
gasification, and the subsequent liquefaction of the syngas via a number of possible
chemical synthesis processes. The most successful commercial example of the
gasification/synthesis approach are Sasol’s coal-to-liquid (CTL) conversion process
based in Sasolburg and Secunda, South Africa (SA) [1,11]. Sasol was established in
1950 by the SA government with the main aim of converting low grade coal into
liquid fuels and chemicals as an alternative to petroleum [12]. Sasol 1 was built in
Sasolburg and started operation in 1955 followed a few decades later by Sasol 2 and
3 at the Secunda site. As at 2006, Sasol produced about 150 000 barrels per day of

fuels and chemicals via its CTL process [12].

While coal has retained its dominance as a solid fuel source in the energy and
chemicals industry [4], recent climate change concerns have led to global calls for
mitigation of GHG emissions which has in turn led to calls for the replacement of
non-renewable fuels like coal with more sustainable and less carbon intensive fuels
(on net basis) such as biomass and waste [13]. Co-utilization of coal and
biomass/wastes in existing coal based thermal conversion plants have been
recognised as a promising approach to realizing those goals, while avoiding the
considerable cost and risks associated with setting up dedicated biomass conversion
plants [4,14]. These risks are partly due to the relatively unproven conversion of
biomass at industrial scales, and partly due to the difficulties involved in maintaining
reliable biomass supply chains to satisfy industrial scale needs [15]. These points are

particularly relevant to South Africa, given the scale of the dependence on coal (90%
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of energy supply and 30% of liquid fuel supply [16,17]), and the comparative lack of
an established bioenergy supply infrastructure [8]. Co-gasification can allow biomass
feedstock to benefit from the economies of scale which large scale coal gasification
already enjoys and could therefore be useful in bridging the gap between
established large scale processes for coal and the relatively unproven biomass based

technologies.

The Sasol CTL process is based on updraft fixed bed dry bottom (FBDB) gasification
technology. Gasification is a process that describes the conversion of usually solid
fuels to a predominantly gaseous fuel via 4 main steps including drying, pyrolysis,
combustion and gasification. After initial drying, the biomass is devolatilized in the
pyrolysis section into gas, liquid hydrocarbons, and a solid char product. The char is
converted in gasification zone to syngas in a primarily endothermic process. The
energy for all the steps is provided by the reactions of the combustion zone. In
updraft gasification, the pyrolysis or devolatilization step is particularly important
because liquid condensates produced during this step — comprising tars, oils, and
water — are released in significant quantities along with syngas [5,18]. These
condensates are produced in the devolatilization reaction zone of updraft gasifiers
and are normally considered an unwanted by-product of gasification that has to be
minimised [19-21]. In the Sasol process, however, they have chosen to utilize the
hydrocarbon fraction of these liquids via conventional refining processes to produce
commercially valuable chemicals such as naphtha, creosotes, and phenols [5,22].
Volatile matter content in biomass is known to be significantly higher than in coal,
and with considerably different composition. Therefore, the devolatilization step is
vital when considering the potential for biomass to be used as feedstock in existing

coal based updraft gasification processes [23,24].

Based the aforementioned, substantial attention was devoted in this work to
investigating the pyrolysis behaviour of selected coal and biomass samples, and their
blends. Gasification performance was evaluated by means of an equilibrium based

simulation of syngas yield and composition. Processes downstream of crude syngas
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production, such as gas cleaning and conditioning, were considered outside the
scope of the study. The coal sample used was a blend of various typical South African
hard coals that can be described as low grade, high ash and inertinite rich coal [17].
This type of coal is commonly reserved for domestic use — primarily by Eskom® and
Sasol — while the higher grade coals such as anthracite are mainly exported [17,25].
Biomass samples used comprised of corn and sugar cane biomass residues, two of

the most abundant sources of agricultural waste in South Africa [8,26].

1.2 Objectives

Against the background provided in the previous section therefore, the main
purpose of this study was to investigate the impact of adding biomass to coal on
condensate and crude syngas production, and to assess the techno-economic
feasibility of co-gasification of coal and biomass in SA. In pursuing these goals, the
following objectives were set:

] Comparison of the thermal characteristics (proximate and ultimate
analysis) of low grade South African coal and agriculture residues
(from sugar cane and corn)

] Analysis of the non-isothermal pyrolysis kinetics of the selected coal
and biomass samples and their blends via model free and model
fitting techniques, based on thermogravimetric experiments

] Experimental assessment of yields and composition of volatile
pyrolysis products (gas and condensates) from coal, biomass, and
coal-biomass blends, under conditions that simulate the environment
within a Sasol FBDB type gasifier.

] In the study of both the kinetics and product distribution of pyrolysis,
a key objective was to investigate the existence and extent of
synergistic interactions between coal and biomass

. Equilibrium modelling of pressurized fixed bed gasification

performance based on empirical pyrolysis data as previously

! Eskom is the national power utility in South Africa
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determined, to determine the impact of co-gasification on syngas
quality and yields
. Preliminary evaluation of the financial impact of selected coal and

biomass co-gasification on the production cost of syngas

1.3 Thesis Outline

The dissertation is organized as follows: Chapter 2 discusses the state of the art of
syngas production via gasification and reviews the literature on the pyrolysis and
gasification of coal, biomass and their blends. In Chapters 3 to 5, global
devolatilization kinetics of the samples were investigated via non-isothermal
thermogravimetry. Chapter 3 gives the results of the kinetic study of corn cob and
sugarcane bagasse using the model free kinetic approach. Comparison of the kinetics
of biomasses to coal via model fitting and model free analysis techniques was
presented in Chapters 4 and 5 respectively. Blends of coal and biomass were also
investigated in these chapters with the purpose of detecting potential synergistic

behaviour during pyrolysis.

In Chapter 6, the yield and composition of pyrolysis products from coal were
compared with those obtained from sugarcane bagasse, corn cobs and corn stover. A
fixed bed batch reactor was employed for simulating the devolatilization zone in
updraft gasifiers under the following operating conditions; heating rate of 10°C min
126 bars pressure, and final temperature of 600°C. Particular attention was paid to
liguid phase products which were separated into aqueous and non-aqueous

fractions before being chemically characterized by GC-MS.

Chapter 7 reports on the investigation of the yields of volatiles from various mix
ratios of coal-biomass blends, with a view to detecting possible synergistic
behaviour. The influence of operating parameters such as pressure and temperature
has also been investigated. The experimental plan was based on a 23 factorial design

with mix ratio, pressure and temperature as the three factors. Observed
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devolatilization behaviour was discussed in the context of the relative importance of

kinetic and transport phenomena on the pyrolysis process.

In Chapter 8, reports of the characterization of chars obtained from pyrolysis
experiments described in Chapters 6 and 7 were presented. Results of the
equilibrium modelling and economics of co-gasification were also outlined. Chapter
9 summarizes the contributions of this research and suggests some useful

recommendations for future research work.
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2 Literature Background

The aim of this chapter is to provide the reader with a brief overview of the most
important theory and state of the art technology relevant to syngas production from

the co-gasification of coal and biomass in updraft fixed bed reactors.

2.1 Overview of gasification

The indirect conversion of solid feedstock to fuels and chemicals proceeds with
syngas production via gasification as the main intermediate step [1]. Although
gasification is now considered an advanced fuel conversion process [2], the
technology has actually existed since the 19% century [1,3,4]. Early gasification
technologies depended heavily on decomposition in the absence of oxygen
(pyrolysis), but today’s dominant technologies are based on partial oxidation and
reforming using pure oxygen, steam, or air as oxidising agents [3,5]. The term partial
oxidation refers to the fact that less than stoichiometric amounts of oxygen needed

for complete combustion are utilized in the process [5].

2.1.1 Gasifier reactor types
Three main reactor types are used in gasification processes today: fixed bed,

fluidized bed and entrained flow gasification.

2.1.1.1 Fluidized bed gasification

Fluidised bed technology is an attractive process for gasification because of its
scalability [6]. However temperatures that can be achieved in fluidized beds are
limited to between 800-1000°C which makes it generally unsuitable for the
conversion of high rank coal where higher temperatures (>1300°C) are required due
to the lower reactivity [7]. Even for biomass where reactivity is higher, the carbon
conversion in fluidized beds is usually no more than 90-98%. The unconverted

feedstock accounts for a significant loss in efficiency [7].

2.1.1.2 Entrained flow gasification
The operational limitations posed by fluidized bed gasifiers do not apply to entrained

flow reactors [1,2]. They operate with feed and oxidant in co-current flow and very
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short residence time. The feed is ground to a size of 100 um or less to promote mass
transfer and allow transport in the gas. The syngas produced is usually of high quality
with negligible condensate composition [7,8]. Entrained-flow gasifiers are not limited
to any particular type of fuel, although feedstock with a high moisture or ash content

may drive the oxygen consumption to uneconomic levels [9].

2.1.1.3 Fixed-bed gasification

Fixed-bed gasifiers are characterized by a bed in which the feedstock moves slowly
downward under gravity as it is comes into contact with a blast of the incoming
oxidising agent [3,4,9]. Fixed-beds are classified according to the direction of this
blast relative to the direction the feedstock. Where the blast is in the same direction
as the feedstock (i.e. downwards), it is called a co-current or downdraft gasifiers. In
updraft gasifiers the blast is counter-current to the fuel [3]. Compared to the other
reactor types, fixed-beds are of simpler construction and operation. They also give
high carbon conversion, long solid residence times, and low ash carry-over [10].
Downdraft gasifiers have the lower tar production of the two, but are less thermally
efficient present significant scale-up issues. As a result no large-scale downdraft
plant (larger than 0.5 t/h) is currently in operation [10]. On the other hand, the
updraft process is more thermally efficient than the downdraft process and more

readily scalable [4,10].

Examples of industrial scale updraft gasifiers include, the British Gas-Lurgi gasifiers
at Schwarze Pumpe in Germany, the Sasol FBDB gasifiers in South Africa and the
Harbogre CHP plant in Denmark. The main drawback in updraft gasifiers is the high
amount of pyrolysis tar content in gas produced (about 38 g/kg [8]). In the Harbogre
CHP plant, the water-tar by-product is processed in a separate unit for district
heating, while at Schwarze Pumpe, collected tars are fired in an entrained flow
gasifier. Sasol opted to use the tar by-product from their gasifiers to produce
chemicals via hydrotreating and other processes similar to what obtains at

conventional refineries [7].
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Figure 2-1: Commercial gasification systems classified according to a) technology b) feedstock [11]

As at 1995, 89% of the coal gasified worldwide was processed in fixed bed reactors,
while entrained beds accounted for 10%, and 1% by the fluidized bed process [12]. In
recent times gasification trends have seen a move away from fixed beds to fluidized
beds and entrained flow reactors [11]. Fig. 2-1 shows present and forecasted
commercial gasification installations, classified according to feedstock and reactor
type. It reveals that most of planned gasification systems will employ the Texaco and
Shell technologies, both of which are based on the entrained flow process. It also
shows that the vast majority of existing and planned non-petroleum based
gasification systems are based on coal feedstock in contrast to biomass (Fig. 2-1).
Most of the biomass based gasification plants operate at much smaller scales than
coal or petroleum courses because of concerns related to feedstock availability and
supply [2,13]. The largest biomass/waste based gasification system is the Schwarze
Pumpe plant with a syngas production capacity of 410 MW,,, compared to coal and
petroleum plants which reach capacities of up to 7 000 MW, and 11 000 MWy,
respectively [11]. Economies of scale apply to gasification processes which makes the
comparative lack of biomass supply in industrial scale economically uncompetitive
[2,14]. The relatively few biomass based systems are used in predominantly power
based applications [11]. Co-utilization of biomass in coal-based systems could
therefore be considered an effective strategy for increasing biomass use in syngas

production, particularly for use in liquid fuels and chemical production.
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2.1.2 Syngas utilization

The crude gas produced from gasification, is a mixture of combustible (CO, H,, and
CH4) and non-combustibles (CO,, H,0) gases, in addition nitrogen and sulphur
compounds. When the mixture has a high proportion of non-combustible elements,
it is called producer gas or product gas [15]. Producer gases have low energy value
and are not appropriate for high value uses such as synthesis of liquid transport
fuels, chemicals or combined heat and power (CHP) applications. For syngas to be
suitable for these kinds of applications, it must go through an intensive and
expensive cleaning process comprising a multi-level system of scrubbers, filters and
separators with each stage targeted at removing particular contaminants to
maximise CO and H, content [15]. Light hydrocarbons in syngas, like methane can be
converted to CO and H, by any of a number of different commercially available
reforming processes [16,17]. Syngas is probably the most important intermediate
product in the chemical industry [15]. A good proportion of syngas produced today is
used in the production of ammonia and other chemicals [18], but it also has
significant applications in the energy industry as fuel for heat, power and transport.

Fig. 2-2 shows the global syngas market distribution in 2007.
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Figure 2-2: Syngas market distribution [11]

The main technological process routes used to process syngas in the context of liquid
fuels and chemicals production all involve the catalytic combination of H, and CO to
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form distillable liquid products. Fisher-Tropsch (FT) synthesis is used produce mainly
diesel, as well as some gasoline and a range of chemicals. A second route is
methanol synthesis to produce mainly petrol/gasoline, although the direct use of
methanol and DME is being increasingly considered as a third approach [1,19].
Hydrogen production via water gas shift reactions is another common application of

syngas.

The largest and most successful application of the gasification/synthesis route is the
Sasol process in South Africa where coal is gasified in fixed-bed gasifiers and the
produced syngas is converted via FT synthesis to liquid fuels and chemical products

[20]. A brief overview of the process follows in the next section.

2.1.3 The Sasol CTL process

The Sasol CTL process is based on the updraft fixed-bed dry bottom gasifier originally
patented by Lurgi in 1927 [9,20]. The reactor is a double walled pressure vessel
accepting coal feedstock from an overhead lock-hopper under at about 30 bars
pressure (Fig. 2-3). An incoming blast of steam and oxygen enters the reactor from
the bottom, cooling the ash just leaving the combustion zone to about 300-400°C
whilst being heated up itself [9]. The oxygen in the preheated blast reacts with char
in the combustion zone to form CO,. The exothermic nature of combustion makes
this the hottest part of the reactor with temperatures approaching 1200°C [9,20].
The CO, and steam flow upwards, reacting endothermically with char in the
gasification zone to form CO, H, and CHg4 using heat energy generated from
combustion. These gases continue upwards devolatilizing, preheating and drying the
incoming coal feed and in the process loosing heat such that it leaves the reactor at

about 550°C [9].

The crude gas produced, after separation from liquid pyrolysis co-products,
comprises combustible (CO, H,, and CH,) and non-combustibles (CO,, H,0) gases, in
addition other substances such as nitrogen and sulphur compounds. The gas then
goes through an intensive cleaning process comprising a multi-level system of
scrubbers, filters and separators with each stage targeted at removing particular
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contaminants [15] to maximise CO and H; content. In Sasol this is done via Rectisol
units jointly developed by Lurgi and German Linde [21]. The Rectisol purification
process uses methanol at sub zero temperatures and under pressure to remove
sulphur containing compounds, CO, and other gaseous impurities [21,22]. The
process comprises three steps: a) pre-wash that removes hydrocarbons, oxygenates
and organic sulphur compounds; b) a main wash that absorbs 95% of the CO, and
most of COS and CS;; c) and a fine wash that removes the remaining impurities,
leaving a pure syngas with less than 0.1ppm sulphur and 98% of COS removed [22].
Light hydrocarbons in syngas, like methane can be converted to CO and H;, by
reforming [16,17]. After purification, syngas is converted via FT synthesis to synthetic
crude consisting of long chained hydrocarbons which is in turn converted via refining
to synthetic diesel, and by chemical work-up to other value adding products such

waxes and paraffins as well as ammonia.

Feedstock

4[ Syngas cleaning
Separator Syngas FT Synthesis

Drying
Feedstock — dried feedstock +H,O

Syngas +Condensates

Pyrolysis
Feedstock — Pyro gas +Condensates+ Char

Gasification

C+CO, — 2C0O
C+H,0 — 2CO+H,
CoHm#+CO;z — 2nCO+(m/2+n)H,
CoHm*H20 — 2nCO+(mi2)H;

Tar, Gas Liquor

Combustion
C+0; — CO,
CpHm+(n/2+m/4)0, — nCO;
4H+02 — ZHQO

Ash Residue

Figure 2-3: Schematic of dry bottom updraft gasifier [19]

In just about every other commercial gasification process, syngas is the main desired
product and any liquid condensate/tar obtained is considered an undesirable by-
product and considerable efforts are made to reduce its production [23—-26]. In fact

the co-production of relatively high vyields of pyrolysis condensates in low
13
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temperature gasifiers is considered one of their biggest drawbacks [7,27]. A major
distinguishing factor of the Sasol process however, is that these condensates have
actually been found to be of significant commercial value [7,20] and in 1980s a tar

refinery was built and integrated into the CTL process to take advantage [28].

Raw gas exiting the gasifier is quenched initially with recycled gas liquor and
subsequently by a system of coolers operating at successively lower temperature
ranging from 180°C to 35°C [22,29]. The condensates collected from the various
coolers are separated into tars and oils according to their densities. The lighter
fraction, or gas liquor, comprising mostly water, ammonia and phenolics, is directed
to a phenol extraction process called Phenosolvan. Here the liquor is selectively
extracted with butyl acetate to produce a phenol composite containing 40% phenoaol,
30% cresols, and 7% xylenols [22]. The dephenolated condensate is selectively steam
stripped of ammonia (which is then converted into ammonium sulphate for use as
fertilizers) while the remaining fluid is desulphurized before being discharged to a
biotreater for subsequent disposal as waste water [9,22]. The heavier condensates
comprising naphthalene and other high molecular weight hydrocarbons are
combined with hydrocarbon residue from the Rectisol unit and are distilled and then
hydrogenated in a fixed bed reactor operating at 315-370°C and at 50 bars. The
distillation is carried out at atmospheric pressure and produces creosote, road tar
and pitch [30]. The hydrogenated product is cleaned by alkali and acid washing
before it is itself distilled to produce heavy naptha fractions as well as benzene,
toluene, xylene and a variety of other solvents [22,30]. At the Sasol 2 and 3 plants,
the creosote fraction obtained from tar distillation is further hydrogenated to
produce a mixture of hydrogenated naptha and distillate which are used as fuel

blending components for FT fuels [22,29].

2.2 Up-draft gasification
The yield and quality of updraft gasification products are driven by the two main
processes occurring within the gasifier reactor - devolatilization and char gasification.

Investigating these processes is crucial to evaluating the impact of combining coal
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and biomass feedstock in a Sasol type CTL process. Different approaches have been
taken to study gasification at laboratory scale depending on the research objectives
and equipment availability. The most straightforward methodology is to use a
reactor capable of gasification (i.e able to withstand high temperatures and control
air/fuel ratios). Many researchers have used such gasifiers (bench-scale to PDU to
pilot plant scale) to evaluate the overall process dynamics of the gasification process.
Many investigated the effect of operating parameters such as air/fuel ratio [31],
temperature [31-33], pressure [32], feedstock type [34-36], catalysts [37-39], and
particle size [34,40,41], etc, on various aspects of gasification performance such as

syngas yield and quality, energy efficiency, and fuel reactivities.

The multi step nature of updraft gasification sometimes makes it possible to
separately investigate the individual devolatilization and char gasification steps. This
approach is in fact, frequently desirable during gasification research particularly as
these two steps have different products streams and more importantly proceed at
different rates [42]. Studying devolatilization and char gasification separately can be
done either by changing operating parameters to favour pyrolysis in a reactor
otherwise designed for gasification [10], or by using an experimental set-up with
separate reactors for each step to be studied. An example of the latter is Zhu et al.
[43], who used a set-up with separate reactors for pyrolysis and gasification
connected in series. A third way is to use completely different set-ups for
investigating the particular step of interest. This is a more popular approach because
it reduces the need for a dedicated (and usually more expensive) experimental
gasifier. A regular application of this method is to use a pyrolysis reactor that
simulates the pyrolysis zone of the gasifier of interest to study devolatilization or to
produce char (in which case a simple furnace suffices [44]). Char obtained from such
processes can be subsequently gasified in a separate step, either in another small-
scale reactor [44,45], or as is increasingly common, in a thermogravimetric analyser
[43,46—48]. This is the approach taken in this thesis and as such a more detailed
discussion of these two steps — pyrolysis and char gasification is presented in the

following sections.
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2.3 Pyrolysis in the context of gasification

The pyrolysis step is particularly important in updraft gasification because liquid
condensates produced are released in significant quantities, compared to other
gasifier types [7,9]. Devolatilization also determines the nature of the char product
that feed the subsequent gasification step [40,49]. Considerable attention is
therefore paid in this review to pyrolysis, its products, and mechanism, with respect

to coal and biomass feedstock.

Pyrolysis describes the thermal decomposition of a material in the absence — or
limited presence — of an oxidising agent. The pyrolysis or devolatilization of either
biomass or coal produces gas, liquid condensates and solid char products. The
devolatilization or pyrolysis conditions experienced in a particular gasifier system
depend on the type of reactor employed. Fast pyrolysis occurs in fluidized and
entrained flow gasifiers [50] while fixed bed gasifiers experience slower pyrolysis
heating rates. The slowest heating rates (approx. 12°C min™ to 100°C min™ [10]) are
found in updraft fixed beds [10,49], such as the Sasol FBDB gasifier described in

section 2.1.3. This review will thus focus on slow pyrolysis processes.

Slow pyrolysis, is a standalone technology in its own and was initially utilized in the
production of charcoal (from biomass feedstock [51]) or coke (from coal [52]) using
kilns, mounds or pits [53]. The process also produced tars which formed the
foundation of an extensive chemical industry prior to the development of the
petrochemical industry. In more recent times, slow pyrolysis is carried out in fixed
bed batch reactors for bench scale experiments [52] and in continuously feed
reactors such as the screw pyrolyzer, rotary kiln and agitated drum kilns for larger

scale applications [53,54].
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2.3.1 Coal pyrolysis

2.3.1.1 Feedstock description

Coal pyrolysis is a complex process and the exact mechanism of decomposition is not
yet fully understood [55,56]. The complicated nature of coal degradation is informed
by the complex chemical composition of the material itself. Coal is a combustible
sedimentary rock formed from the very slow decomposition of organic remains from
prehistoric times [55,57]. These remains were acted upon by microorganisms to
form peat deposits. During this accumulation of peat, factors such as the type of
plant community, climate controls, ecological conditions and the pH conditions
played a very important role in the transformation of the organic material into the
ultimate formation of coal [58]. This process of peat swamp transformation
(degradation) under conditions of high pressure and temperatures takes place with

time and is called coalification.

Organic plant material

Coalification Series /
Lignite

Sub-bituminous coal

Bituminous coal

/

Semi-anthracite

Decrease in % H, O, Volatile mater, moisture

Anthracite

/

Graphite

Increase in reflectance of vitrinite (ROV), carbon content

Figure 2-4: Coalification series (Adapted from [57, 58])

Coal is often categorized according to three separate, fundamental parameters [57]:
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Rank: The level to which a coal has reached in this continuous coalification series
(Fig. 2-4) is termed its rank. The first stage (rank) in coal formation is of brown coal
(lignite), and then comes the sub-bituminous and bituminous coals; the last stage is
the anthracite and graphite.

Grade: This describes the mineral impurities present in coal and correlates to the ash
yield.

Type: This relates to the microscopic component of coal described by the term
“macerals”. Three maceral groups are recognized in the coal industry - vitrinite,
liptinite and inertinite [57]. Liptinites are richer in hydrogen and produce the highest
yield of volatile matter when heated, followed by vitrinite. Vitrinites are formed from
cell wall materials and the cell fillings of the woody tissue of plants (trunks, branches,
twigs, roots, and leaf tissue). Inertinites are are richer in oxygen than the other two

groups and are relatively low in volatiles [55,57].

South Africa’s recoverable coal reserves of about 55,000 million tonnes consist
mainly of bituminous, inertinite, semi-anthracite, anthracite hard coals [57], with ash

content ranging from 7% to 30% [57,58].

2.3.1.2 Principles, products and yields

The start of devolatilization sees coal undergo depolymerization leading to the
production of a meta-stable intermediate product. Depolymerisation may be due to
the scission of methylene (-CH2-) bridges and/or ether (-O-) between aromatic
clusters [56] and is associated with the release of volatiles some of which are free
radicals which are subsequently stabilised either through a re-arrangement of atoms
or by collision with other species [60]. Depending on vapour pressure, the resultant
stabilised structure evolve either as volatiles (light oil, or heavy tar) or remain as part

of char residue.

Char is formed directly as a result of cracking of the coal and also via
repolymerisation reactions of the intermediate hydrocarbons. Gas production occurs
throughout the duration of pyrolysis as a by product from primary char formation
and also via secondary reactions. The aromatic structure of the parent coal persists
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in its char residue. The aromatic rings in coal char tend to align with each other to
form a layered structure approaching the structure of graphite except for the
presence of hydrogen and other heteroatoms [61]. One of the main characteristics of
char is its porous structure, the exact nature of which depends on the original coal.
Liquid pyrolysis products consists of combinations of high molecular weight
compounds such as pitch, creosotes and naphtha, as well as lighter fraction (or gas
liquor) containing aqueous and water insoluble hydrocarbons, and water [62]. Evans

and Milne grouped pyrolysis liquid compounds as follows [63,64]:

= Primary products: cellulose-derived products (levoglucosan,
hydroxyacetaldehyde, furfurals and lignin-derived methoxyphenols.

= Secondary products: phenolics and olefins

= Alkyl tertiary products: methyl derivatives of aromatics (methyl
acenaphthylene, methylnaphthalene and toluene).

= Condensed tertiary products: polycyclic aromatic hydrocarbon (PAH) series
without substituents (benzene, indene, naphthalene, acenaphthylene,

anthracene, phenanthrene, and pyrene)

Gas products are mainly CO, CO,, H,, CH; and smaller fractions of C, and Cs

hydrocarbons [52,62].

2.3.1.3 Influence of operating parameters

The vyields of the various products of pyrolysis are influenced by a number of
parameters, related to the operating environment and feedstock type. Considering
these parameters in isolation is really an oversimplification, but can serve as a

convenient device understanding the process better.

Effect of feedstock type:
Coal rank and maceral composition affects the devolatilization characteristics of coal
[65]. For bituminous coals, the main volatile product of pyrolysis is tar. The

proportion of gases in the volatile products increases at the expense of tar, as the
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rank of the coal is reduced from bituminous to sub-bituminous coals and lignites
[56]. With regards to macerals, liptinites tend to give the highest volatile yields while
inertinites produce the lowest [66]. It follows therefore that coals with high inertnite
content, such as much of what occurs in South Africa, tend to have higher char yields

during pyrolysis.

Effect of temperature:

Temperature is the most important operational parameter during pyrolysis. For most
coals, pyrolysis at slow heating rates starts at 300-400°C after an initial drying period
[40,52,55,56,67,68]. Weight loss in this range is due to the release of gases and light
hydrocarbons from primary reactions. Tar and gas evolution continues until 500-
550°C when the rate of weight loss is drastically reduced. At temperatures higher
than 600°C, secondary reactions dominate via a variety of cracking and
repolymerization reactions leading to the increased carbonisation of char residues
and the increasing production of H, at the expense of carbon oxides and

hydrocarbons [52].

Effect of heating regime:

When samples are heated rapidly, the speed of the temperature rise overtakes the
sequence of pyrolytic events observed during the stages of slow pyrolysis outlined
above [52]. At rates above 100-200°C s™, therefore, the sequence of pyrolytic events
is shifted up the temperature scale while the maximum devolatilization rate
increases. For example, at 1,000°C st the temperature interval for tar release is
found between 600 and 700°C, whereas when coal samples are heated more slowly,

say at 1°C s tar release reaches completion between 550 and 600°C [52].

Effect of pressure:
Volatile and tar release tends to decrease with increase in pressure. The observed
decrease in the volatile yield is due to increases in the mass transfer limitations for

volatiles escaping from within the coal particle to its surface [56]. Pressure increases
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the residence time of volatiles within the reaction environment encouraging
secondary reactions, which lead to increased cracking and repolymerisation
reactions. This results in an overall decrease in total volatile production, as well as
the increased conversion of liquid phase intermediates to gas and secondary char.
On the flip side, pyrolysis under vacuum produces an increase in volatiles yields as
the reduced external pressure facilities the removal of volatiles from the site of
formation within the particles [52]. This effect holds true at both low and high
heating rates, and in various type of reactors [69]. This effect depends on the nature
of the pressurising gas. Inert atmospheres strongly favour the behaviour described,
while in reactive atmospheres (as occurs in hydropyrolysis or direct ligeufaction) the

opposite effect is observed [56,66,67].

Effect of reactor type:

In fixed-beds where coal particles are stacked together, devolatilization
characteristics is influenced by both intra-particle and extra-particle transport
phenomena. Temperature and concentration gradients within the particle influences
the rate of release of volatiles to the surface of the solid particle. Evolving tar vapors
are likely to deposit on these pyrolyzing solid surfaces, re-polymerize to a char or
partially crack to release lighter volatiles. If temperatures are sufficiently high, the
volatiles react with bed solids, producing more char, lighter volatiles [52]. Fluidized
and entrained flow reactors use much smaller particle sizes with lower mass and
heat transport resistance. The design of the process is also such that much shorter
residence times occur. The effect of these two attributes is such that devolatilization
proceeds much faster than in fixed bed processes, while secondary reactions are

limited

2.3.2 Plant biomass pyrolysis

Like for coal, products from the devolatilization of biomass are char and a range of
volatiles products, some condensing to form liquids and the rest gases. The relative
distribution and composition of these products depend strongly on characteristics of

feedstock and the pyrolysis operating conditions.
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2.3.2.1 Feedstock description

Biomass, whether woody or herbaceous, is mainly composed of cellulose,
hemicellulose and lignin and to a much lesser extent extractives and inorganics.
Cellulose forms the cell walls of most biomass along with hemicellulose whereas the
middle lamella is mainly lignin. Cellulose is usually the major component of plant
tissue (30-50 wt%), followed by hemicelluloses (20-40 wt%) and then lignin (15-25
wt%) [70-72].

Cellulose accounts for much of the cell walls of plants and is a crystalline
macromolecule composed of up to 14,000 D-glucopyranoside units linearly linked by
weak glycoside bonds [74]. This structure of cellulose is usually the same for all kinds
of biomass, varying only with the degree of polymerisation [74]. A combination of
various kinetic and molecular characterization studies on isolated cellulose has

revealed the following generally accepted reaction scheme for its degradation.

Hemicellulose is also a polysaccharide, but unlike cellulose, is soluble in dilute alkali,
is much more heterogeneous and its composition varies significantly for different
biomass types [6,72,73]. Hemicellulose represents anywhere between 20-40% of

biomass depending on the feedstock and is least thermally stable component [76].

Lignin is a random linked, amorphous, high molecular weight, highly stable
biopolymer containing methoxyl substituted phenolic structures from three highly
cross-linked phenylpropane monomers; coniferyl, sinapyl, and coumaryl alcohols
[63,74,77,78]. Similar to the carbohydrates, it degrades by polymerization to alcohols
and phenols [74].

Minerals remain in the char as inert ash, although some studies show that they may
also have some catalytic effects on the degradation process [53]. Alkali metals in ash
are known to inhibit the formation of levoglucosan in favour of furan derivatives [63]

as well as accelerate dehydration and charring reactions [63,79].
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2.3.2.2 Principles, product and yields
It is widely accepted that the overall thermal degradation behaviour of biomass is a
summation of the decomposition behaviour of the three main lignocellulosic

components [53,74].

Cellulose degradation starts with an initial drastic reduction of the degree of
polymerization (from 1000-2000 to about 200 [63]) to form “activated cellulose” at
temperatures around 250°C, coupled with the elimination of water [74]. This is
followed by two main competing pathways shown in Fig. 2-5 [3,80-82]. The first path
way involving inter- and intra-molecular dehydration to produce anhydrocellulose
and water is favoured at temperatures lower than 300°C. As pyrolysis proceeds, the
anhydrocellulose decomposes further leading to the formation of chars via cross
linking and aromatization reactions. This is accompanied by the release and carbon
oxides through carbonylation and carboxylation and the continued release of water
[74,82-87]. Mok and Antal [83] proposed that anhydrocellulose degrades also by
two competing paths. The first proceeds endothermically to produce a further
volatile intermediate which then decomposes exothermically to produce CO, CO,,
CH; and other permanent gases. The second route leads to char formation which
proceeds exothermically. Eventually the glycosyl groups completely degrades leaving
a more stable carbonaceous residue, or char [88]. Higher temperatures (>300°C)
favour the second main pathway for cellulose decomposition (Fig. 2-5). This involves
the formation of tarry levoglucosan via depolymerization i.e. the scission of
glucosidic linkage in the cellulose molecule, followed by intra-molecular
reorganization of the depolymerised units [3,74,81-85]. Secondary reactions of
levoglucosan are mainly responsible for tarry phase products. Initially two reactions
compete, evaporation to form vapour phase tar and other condensable volatiles in
one case, and decomposition to produce secondary char and gases in the other
[74,83]. If allowed to leave the reaction zone the vapour phase tar escapes to form
condensed liquids such as phenols, furan derivatives, aldehydes, and acids. Where
the volatiles are kept in contact with the remaining solid fuel, the volatiles either

degrade to form gases and water, or recondense to form chars [3,83].
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Figure 2-5: Cellulose degradation mechanism [72,81]

Under conventional pyrolysis conditions (400-550°C, slow heating rate), cellulose
yields anywhere from 9-15 wt% char. Pyrolysis char is of two types; primary char
which is left as residue during dehydration and which usually retains the shape of the
original sample and secondary char obtained from the decomposition of
levoglucosan [83]. The production of condensables (liquids) increases as pyrolysis
proceeds reaching to a maximum when temperature is about 400-550°C. Thereafter
the vyields starts to fall as a result of secondary and tertiary reactions of
levoglucosan- and anhydrocellulose-derived volatiles to form successively lower
molecular weight species i.e. light hydrocarbons and non condensable gas like CO,
CO,, H, and CH,4 [3,63,79]. In general, the composition of pyrolytic liquids from
cellulose includes compounds such as levoglucosan, acetic acid, formic acid and
hydroxyacetaldehyde as the main products [42]. Because cellulose is often the
dominating constituent in biomass, it is the most studied and understood of all the
biopolymers. As a result its pyrolysis characteristics are sometimes considered
representative of the overall behaviour of biomass [3,89,90]. However, there still is
some interest in understanding the individual pyrolysis behaviour of the other two

components — hemicellulose and lignin.

Hemicellulose starts decomposing at earlier temperatures (200-250°C [78,91]), and
thus plays an important role in the initiation of pyrolysis. Shafizadeh [91], Ponder

and Richard [75], and Shen and Bridgewater [76] all investigated the pyrolysis
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characteristics of various forms of hemicellulose using different process
configurations. The products composition of hemicellulose is similar to cellulose,
with roughly the same distribution and quality of tars, char and gas production

[42,76].

Like for the carbohydrates, lignin devolatilization also proceeds via structural
depolymerization [63,93], although with significantly differing product distribution.
Evans and Milne [63], in their study of the evolution profile of pine pyrolysis products
revealed a lignin derived product as the first to form, followed by hemicellulose,
then cellulose derived compounds, and then again lignin derived compounds. This in
combination with results from TGA studies shows that lignin decomposes
throughout the duration of biomass pyrolysis [92—94]. Lignin tars typically consist of
guaiacols, catechols, phenols and acids and produces higher char fractions (up to

60%) than the polysaccharides [63].

In summary, the devolatilization of biomass is based on the degradation behaviour of
its individual lignocellulosic components. These components contribute varying
amounts to the final distribution of solid, liquid and gaseous products of biomass
pyrolysis. Cellulose and hemicellulose contributes the most towards tar and gas
production while lignin contributes more towards char vyields. Main liquid
constituents are typically a mixture of 30% water, 30% phenolics, 20% aldehydes and
ketones, 15% alcohols and 10% miscellaneous compounds [42]. Main gas products

are CO, CO,, CHy, and to a smaller extent H, and C, hydrocarbons [53,95,96].

2.3.2.3 Influence of operating parameters

As was the case for coal, the pyrolysis behaviour of the biomass components
discussed above depend to a large extent on the particular type of feedstock as well
as on various operating parameters. One important difference between coal and
biomass is the fact that more oxygenated pyrolysis tars evolve from biomass samples
and these are thermally more sensitive and break down into gaseous products at
lower temperatures, compared to coal tars [52]. In general however, operating
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parameters have similar effect on biomass as they do on coal; temperature and
heating rate has a generally positive effect on gaseous phase vyields. Increase in
pressure and residence time generally leads to increase in gas and char yields but has
a negative effect on tar production. Increasing temperature favours products of
secondary reactions such as CO, H,, and light tars. This is why tar produced from
thermochemical processes with relatively low pyrolysis temperatures (updraft
gasifiers, fixed-bed pyrolysis reactors) usually has a composition typical of primary

tars in contrast with tars from fluidized beds and downdraft gasifiers [42].

2.3.3 Pyrolysis mechanism

Pyrolysis is a complex process consisting of mass and heat transfer events coupled
with several concurrent and competing reactions including dehydration, cracking,
fission, decarboxylation, decarbonylation, isomerization, dehydrogenation,
aromatization, charring and condensation [3,52,63,74,79]. These reactions produce
reactive solid, liquid and gaseous intermediates, which interact with each other in
secondary reactions at widely differing reaction rates to produce new intermediates
and final products. In the case of such complex reaction schemes, final product
distributions depend critically on the time-temperature-pressure distribution, as well

as the nature of the feedstock and reaction environment [52].

Comprehensive mechanisms and models of either coal or biomass pyrolysis generally
include chemical (kinetics) and physical (mass and energy transfer) aspects. Chemical
kinetics govern the rate of reactions whilst physical models inform on the flow of
energy and mass (reactants and products). The sheer number, complexity and
heterogeneity, of reactions involved in these processes are such that models that
completely describes devolatilization have still not been developed [55,56,97].
Instead, proposed models are basically simplifications providing a largely qualitative
simulation of the process [96]. An overview of the most common approaches to

kinetic and transport modelling are presented in the following sections.
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2.3.3.1 Kinetics

Different approaches to the kinetic modelling of biomass and coal pyrolysis can be
found in literature. Most of them make use of the Arrhenius dependence on
temperature (eqn 1), and consequently the parameters; activation energy, pre-

exponential factor and reaction order.
d E
Z=dexp|-—|f(@ (1)

Where a is the conversion (or reacted fraction) of the sample, A and E are the
Arrhenius parameters - pre-exponential factor and activation energy respectively,
and f(a) is the linear or power law based reaction model. Global devolatilization
models represent the total weight loss due to decomposition of the material by a
single reaction, usually of 1* order [56,60]. Mechanisms formulated based on these
kind of models are frequently analysed via thermogravimetry under kinetic control
(i.e. with the effects of transport phenomena minimized). The effects of secondary
reactions are also usually limited in such studies by the use of an inert purge gas to

reduce the residence time of vapour phase products [90].

There are also multi-component devolatilization models which can be applied to
predict the rate of weight loss usually under the assumption of multiple parallel
reactions representing pseudocomponents that make up the material being studied

[96]:
% = X vi4; exp [—%] f(a) (2)

where y; is the contribution of pseudocomponent i to the total mass loss. For coal,
the multi-component approach is also commonly evaluated by means of the
distributed activation energy model (DAEM), which assumes pyrolysis occurs through
an infinite series of parallel, independent reactions. In this model, a continuous
distribution of activation energies is described by a Gaussian function [98]. DAEMs

are also used in biomass kinetic studies although to a much lesser extent [96].
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Another approach to the determination of global kinetic parameters is the
isoconversional approach which removes the need for assumption of a reaction
order or the function f(a). The method produces activation energy as a function of
conversion, or E(a). Although originally intended for single reaction processes, the
method is now widely applied for complex reactions, and any variation in the
activation energy with respect to conversion is thought to represent the multi-step
nature of the process being studied [99]. This method involves computing the

logarithms of both sides of equation (1) to get:

da

in (%) = A f(@)] - & 3)

A plot of In (%) against 1/T at the same degree of conversion from weight loss data

obtained at various heating rates will result in a series of lines, each with slope equal
to - E, /R corresponding to each value of conversion, a. Thus the dependence of E
on « is obtained. While the isoconversional method is becoming increasingly

popular, it is yet to take hold in the study of biomass kinetics [100].

2.3.3.2 Transport processes

The kinetic models above employ conditions decoupled from the effect of physical or
transport processes. However, in actual reactors, solid fuel conversion takes place as
a result of the interaction of physical (transport phenomena) and chemical (reaction

kinetics) processes [96].

Transport phenomena (mass, momentum and energy) are of interest both at the
single particle (intra-particle) and reactor modelling (extra-particle) levels [96,101].
They involve a complex series of steps including “heat conduction, heat loss/gain due
to chemical reactions, convective thermal transport due to the outward flow of
volatiles, internal convective heat transfer between the volatiles and the solid
matrix, accumulation of volatiles within the solid and subsequent pressure build-up

within its porous structure, and desorption of fuel moisture content due to external
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heat” [101]. The variation of properties such as porosity, permeability, thermal
conductivity, thermal capacity and mass diffusivity with conversion also play a part
[96,101,102]. The typical timescales of the main physical processes involved during

biomass pyrolysis are given in Table 2.1.

Table 2-1: Characteristic timescales (s) of major transport processes during biomass pyrolysis [101]

Phenomenon Equation Time scale at T=627°C
Diffusion mass transfer tep = L2/ Desr 120

Mass transfer by intra-particle volatile flow th = uLz/PKo 10

Internal convective heat transfer ten = Ld(pc)/h 0.1

Conduction heat transfer t., = LX(pc)/k >200

where Dg=effective mass diffusivity; u=viscosity, P=volatiles over pressure; K;=permeability in the longitudinal
direction; pc =volumetric thermal capacity of the solid; k =thermal conductivity; h=internal heat transfer

coefficient; d=diameter of typical pore

2.4 Char Gasification

Char gasification reactions proceeds along similar lines for coal and biomass as

follows:

Boudouard reaction: C+ CO, = 2CO AH = 159.7 kJ/mol (1)
Steam gasification: C+H,0 - CO+H, AH=118.9kJ/mol (2)
Partial combustion: C+0.50, -CO AH =-123.1 kJ/mol (3)
Hydrogasification: C+2H, > C+CH;  AH=-87.4 kl/mol (4)

Gas phase reactions occur concurrently shaping the eventual composition of gas
escaping the reactor;

Water gas shift: CO+H,0 > CO,+H; AH=-40.9 ki/mol (5)
Methanation: CO +3H; > CHs+ H,O AH =-206.3 ki/mol (6)

Stated enthalpies are given for standard conditions, i.e. AH - AHp. Some of the
reactions are very endothermic, deriving energy from the combustion reaction
below;
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Combustion: C+0,—>CO, AH = -405.9 kJ/mol (7)

The extent of char conversion during these reactions is governed by physical and
chemical processes which are in turn dependent on operating conditions and the

characteristics of the char.

2.4.1.1 Char characteristics
The main char characteristics that affect its gasification performance are its structure

and reactivity. The physical structure of chars pertains mainly to its pore structure.
Pore sizes are classified into three main groups according to size; micropores (<2
nanometres), mesopores (2-50 nanometres) and macropores (>50 nanometres) [61].
These pores provide access for mass transfer of reactive gases to internal carbon
active sites in char, and for escape of product gas from within the char particle to the
surrounding atmosphere. Other factors related to char structure that affect the
concentration of active sites are the oxygen, hydrogen and mineral content [42,103].
Chars from lower rank coals (e.g. lignite) tend to have higher mineral, and hydrogen
content, as well as a higher proportion of meso- and macropores than bituminous
coal chars [61,103]. As a result, these chars are known to be more reactive due to
the increased concentration of reactive site and efficient mass transport [61].
Biomass in turn comprises even higher concentration of reactive sites for the above
mentioned reasons (apart from mineral content). In addition, biomass pores are
highly directional, particularly in the case of wood, compared to coal chars [104].
However, the absence of regularity in biomass structure makes it less amenable to

kind of the correlation possible between coal rank and type and reactivity [42].

Char structure depends not only on the nature of the parent material but also on the
conditions under which the chars are made. Long exposure to high temperatures
(>1000°C) increases the carbon content as a result of volatiles release and leads to
reduced porosity due to improved alignment of planar regions or layer within the
char, reducing access to internal reactive sites [61,104]. Fast heating rates lead to an

increase in macropores, while high pressures lead to compaction and lower internal
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surface area. Increased porosity and surface area leads to an increase in availability

of reactive site which in turn increases the reactivity of the char [103].

2.4.1.2 Reaction mechanism
Global char reactivity (or gasification rate) is usually defined as the heterogeneous

conversion rate per remaining mass [42,61,104]:

1M dX 1

Mot dt “1-x

where M is the ash free mass of the sample, dM/dt is the conversion rate and X is

the degree of conversion;

M — M,
My — Mo,

where Mg and Moo are the initial and final values of the sample mass, respectively.

The gasification reactions (reactions 1-7) also give an indication of the stoichiometry
and thermodynamics of the process. The two main factors that affect the equilibrium
position of these reactions are the temperature and pressure of the gasification
process [3,61]. Increasing temperatures causes equilibrium to shift in favour of
product formation for the Boudouard and steam gasification reactions, in contrast to
hydrogasification and the gas phase reactions where reactants are favoured [3].
Apart from the water gas shift reaction, pressure has an influence on the equilibrium
position of gasification reactions. Products formation is favoured during methanation
and hydrogasification at high pressures, whilst reactants are favoured for reactions

(1) and (2) [61].

2.5 Co-gasifying coal and biomass feedstock blends
There are two main integration routes considered for coal and biomass co-
gasification; parallel co-gasification and direct co-gasification [13,19,27]. Parallel co-

gasification involves the use of separate systems for some or all of the biomass
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gasification steps before integrating with the coal process (i.e. routes 1- 4 in Fig. 2-6).
Route 1la is the most common approach taken for parallel co-gasification, in

commercial demonstration projects [13].

feeding/ . I syngas clean
Coal ¥ preteatment > pyrolysis » gasification > up
x = A
4 %
feeding/ | /
|| preteatment P
3 1
] la
Biomass {2 pyrolysis /

————» gasification

Figure 2-6: Co-gasification process routes (Adapted from [19])

Direct co-gasification is usually employed in operations that require higher quality
syngas e.g. IGCC and gasification/synthesis projects. Some examples as detailed by

Koukouzas et al. [13] are:

= The Eclogas IGCC power plant in Puertollano Spain; uses a 50:50 blend
of coal and petroleum coke

= The Nuon power plant in Buggenum, Holland, utilizes an entrained-
flow gasifier with dry powder feeding system for co-gasifying biomass
and coal

» (Co-gasification of coal and solid wastes at the SVZ GCC/Methanol
Plant at Schwarze Pumpe GmbH in Germany and in Kentucky (USA).
Both plants utilize the oxygen-blown, fixed-bed, slagging gasifier
technology of British Gas Lurgi (BGL).

As explained in section 2.2, it is often desirable to separate the pyrolysis and
gasification steps during gasification research. This approach naturally applies to co-
gasification research as well, particular in the Sasol type CTL process where products

of devolatilization are also of immense economic importance. To this end, some of
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the recent efforts and key issues in co-pyrolysis and co-gasification research are

presented in following sections.

2.5.1 Co-pyrolysis

Many authors have studied the effect of mixing coal and biomass feedstock on the
yields of one or more of char, condensates and gas products [32,105-110]. Only a
few of these studies are conducted in the larger context of gasification as described
in the last section; e.g. Di Blasi et al. [10] in their attempt to evaluate the role of the
pyrolysis stage on fixed-bed gasification dynamics and syngas quality, employed a
bench-scale fixed-bed gasifier, modifying the operation (550-850°C, inert
atmosphere) to allow only pyrolysis. In the majority of cases, pyrolysis experiments
are performed as a standalone technology with the production of pyrolytic oil as the
main objective. For this reason, most pyrolysis studies tend to use fluidized bed, and
flash pyrolysis conditions which more directly favour the production of liquids. As
discussed previously in section 2.2, pyrolysis conditions such as reactor type and
heating rate have a strong influence on the nature of products produced.

Nevertheless a brief overview of the literature on co-pyrolysis is given.

One of the main research issues in co-pyrolysis research is question of synergy. Do
the different fuels interact with each other during the process to affect product
distribution? Working with a fluidized and fast-heating fixed-bed reactor, Collot et al.
[32] reported no obvious synergistic effects on tar yields from either reactor during
the pyrolysis of coal and wood/forestry residue at 850°C and 1000°C and at
pressures up to 25 bars. Many other studies [32,105,107,111] show little evidence of
interaction during coal/biomass co-pyrolysis, i.e. the samples behave as if they were
processed individually, thus exhibiting non-additive behaviour when mixed. This is
partly unsurprising as no synergies are observed even between more closely bonded
constituents such as maceral concentrates in coal [32,65,66,112] and lignocellulosic
components in biomass [32,74]. However some other authors have detected non-

additive behaviour [113-116].
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The effect of experimental conditions such as temperature [106,108,110], pressure
[32,106], presence of catalysts [106,108], residence time [106], etc have also been
studied. The general conclusion from these works is that changing operation
conditions generally have the same effect on fuels mixtures as they do when fuels
are processed individually. Some of these studies applied fast pyrolysis conditions
[32,105,111,107,108,117] as found in fluidized and entrained flow reactors and
others were based on slow pyrolysis [111,107,113,106,110,109] which usually occurs
in fixed/moving bed reactors [10]. Other studies went further to detail the impact of
co-processing on evolution of specific gas species [111,107,114,108,110] as well as
on char properties like reactivity, heating value [109] and surface characteristics.
Only one study by Jones et al. [113] could be found which mentioned the effect of
co-pyrolysis on the composition of the condensates fraction. Co-pyrolysis studies
using different fuel mixtures such as coal-plastics/polymers [118], coal-petroleum
residue [119,120], and biomass-plastics/tire/waste [121-125] can also be found in

literature.

In summary, majority of co-pyrolysis studied suggest that the devolatilization yields
of coal and biomass blends can be safely described by a summation of the individual
behaviour of the blends’ components, although some interactions can occur in the
vapour phase when residence times are long enough. The sometimes conflicting
results in these studies can be attributed to the wide variety of feedstock and
operating conditions employed, in combination with the inherent complexity of the

pyrolysis process itself.

2.5.2 Co-gasification
Main issues in co-gasification research relate to product yields and composition,
synergy, gasifier stability (near steady state syngas flow), and effect of varying

experimental conditions.

Change in product yield and quality

It is generally agreed that addition of biomass to coal during pyrolysis caused an

increase in tar and hydrocarbon content of produced gas [33,37,38,126,127]. Pan et
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al. [33] showed increase in gas yield (1.5 to 3.2Nm3/kg for 100:0 and 20:80 blends of
low-grade black coal and pine chips) and heating value (as a result of increase in
combustible gas species) with increase in biomass fraction. A contrasting trend in
heating value of syngas was observed by Li et al. [128] with increase in biomass
fraction also using a fluidized bed gasifier. Using a fluidized bed reactor operating at
800-1050°C and at atmospheric pressure, Andre et al. [124] and many others
[31,33,37,38,129] deduced that increasing the biomass fraction caused a decrease in
H, production and an increase in the production tars and light hydrocarbon which
can however be reduced by increasing gasification temperatures, using a catalyst, or
increasing oxygen input. Pinto et al. [37,38] also noticed a reduction in H, and
increase in CO content when either pine waste or polyethylene was added to low
grade coal. Alzate et al. [130] noticed the opposite trend in H, production when
pellets made up of varying fractions of coal and wood were steam gasified in a

fluidized bed reactor.

Evidence of synergy

The evidence on synergy between coal and biomass during co-pyrolysis is
inconclusive. Collot et al. [32] and Mclendon et al. [35] studied co-gasification on
coal and wood under varying conditions a pressurized fluidized bed reactor found no
tangible evidence of synergistic effects on product yields similar results were also
obtained in atmospheric fluidized beds [34,43,127]. Zhu et al. [43] gasified char
obtained from co-pyrolysis of bituminous coal and biomass and also observed no
synergy in terms of char reactivity. In contrast, Sjostrom et al. [127] indicated the
possible presence of some synergy in their co-gasification study using a pressurized
fluidized bed reactor operating at about 900°C and 40 bars. They pointed out that
less tar and light condensate yields was observed than would be expected assuming
a simple additive behaviour when mixing coal and birch wood. The behaviour was
ascribed to the possible catalytic effect of biomass ash on the decomposition of coal
and difference in reactivities of biomass and coal which allows for the biomass
volatiles to react with free radicals obtained from coal as soon as they are formed

subsequently preventing the formation of secondary char. Lapuerta et al. [34]
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reported synergies in the heating content of producer gas obtained from the co-
gasification of low grade coal and biomass using circulating fluidized bed reactor

operating at atmospheric pressure.

Effect of operating conditions

Pinto et al. [31] using an atmospheric fluidized bed gasifier showed that
experimental conditions have the same effects on gasification on a mixture of low
grade coal and pine wood as would be expected on the individual gasification of
either coal or biomass [36,41,131]. For instance, increasing temperature was found
to generally favour the production of H, and the cracking of tars, in both the
gasification of single fuels and mixtures at the expense of methane and other
hydrocarbons. Andre et al. [31] reported a decrease in hydrocarbon content in
syngas with increasing temperature and a corresponding decrease in heating value
using a fluidized bed gasifier to process blends made up of coal and olive oil industry
waste. Pinto et al. [37,38] reported that the addition of catalysts can also lead to tar
abatement. Using a fluidized bed reactor they found nickel based catalysts to have

the best tar reduction properties.

Brown et al. [132] studied the catalytic effect of biomass ash on the CO, gasification
of coal char in more detail using a thermogravimetric analyser. They found that
mixing alkali metal rich ash from switch grass with coal in a 90:10 blend increased
coal char gasification reactivity almost 8-fold at 895°C and at atmospheric pressure.
Co-gasification of coal with biomass was found to in general counterbalance some of
the negative effects of gasifying low-grade, high ash, high sulphur coal, particularly

by reducing pollutant gas emissions such as sulphur oxides [133].

In summary, the literature shows that mixing has some beneficial effects on
gasification but also some adverse effects as well. In the main, co-gasification
characteristics are similar to those of the individual fuels that make up the blends.
The vast majority of these studies were based on fluidized bed conditions

[32,34,35,43,127] as opposed to fixed beds [129]. No studies could be found which
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investigated the effect of fixed bed co-gasification on the chemical composition of

tars.

2.5.3 Modelling and Kkinetics

Modelling of coal-biomass blends during thermochemical conversion is a relatively
new research area as well. The main interest here is also to determine the possibility
of synergy in terms of reaction rates and transport processes. The mechanisms
employed are the same with those detailed above for individual studies on coal or
biomass. Consequently kinetic approaches used are basically those described in
section 2.3.3. For devolatilization, some studies use single reaction global models
[109], calculating while others employ multi-reaction models based on curve fitting,
isoconversional [97], or DAEM techniques [134]. Some of these studies use kinetic
parameters of individual blend components [134,135] while others derive global
parameters for the blend as a whole [109]. It is interesting to note that both
methods give similar fits to experimental data, as this confirming the absence of
synergistic effects during co-processing. Co-gasification models are also based on a
similar premise, that the blends behaviour is a simple addition of the individual

characteristics of the coal and biomass components [13,14,31,130].

2.6 Concluding remarks

In conclusion, this literature review reveals the following salient points:

. Co-processing of coal and biomass/waste for fuels and/or chemical
production via thermochemical conversion has been receiving a lot of
research attention recently as part of the global push towards the adoption
of renewable energy and waste recovery

] The bulk of that attention is focused more on fluidized bed and entrained
flow type gasifiers as opposed to fixed bed processes because of problems
related to the latter's scalability (downdraft reactors) and high tar

concentration in product gas (updraft reactors)
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Ll Despite this drawback, some key industrial gasification processes still use
this technology, the most notable being Sasol of South Africa and Schwarze
Pumpe in Germany, both based on Lurgi’s pressurized fixed bed technology.

Ll Co-utilizing biomass with coal in these kinds of systems implies research on
the updraft fixed bed gasifier, of which very little is currently available for

above stated reasons.

This chapter reveals a gap in published literature dealing with the characterization of
pyrolysis condensates and syngas obtained from co-gasification of coal and biomass
in pressurized fixed bed processes. The objectives of this study, as presented in
section 1.2, will address these gaps by investigating the kinetics and product
distribution of pyrolysis and co-pyrolysis of selected coal and biomass types.
Particular attention will be paid to identifying the key components present in the
condensates of coal, biomass and coal-biomass blends derived from pressurized
conditions, with a view to identifying potential synergistic interactions. The study will
also include an investigation of the impacts of feedstock co-utilization on syngas

quality and production costs.
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Corn cobs and sugar cane bagasse are two of the most important agricultural residues in South Africa in
terms of availability and potential for use as a bioenergy resource. The thermal devolatilization of sam-
ples of these two fuels in aninert atmosphere was studied by non-isothermal thermogravimetric analysis
in the heating rate range of 10-50°C min~'. Friedman’s isoconversional method was applied using the
AKTS Thermokinetics software to obtain the dependence of activation energy on conversion. The same
method was also applied to the kinetic analysis of lignocellulosic pseudocomponents derived from the

gfg r‘;lvgggS: mathematical deconvolution of the original DTG curves. The results showed that apparent activation
Devolatilization energy in the 0.1-0.8 conversion interval ranged from 170-225k] mol~! to 75-130k] mol-! for sugar
Pyrolysis cane bagasse and corn cobs respectively. The range of apparent activation energy obtained for the pseu-

docomponents representing hemicelluloses, cellulose and lignin derived from sugar cane bagasse were
given as 200-300 k] mol~!, 163-245 k] mol~', and 80-180 k] mol~!, while for corn cobs the values were
85-110kJ mol~1, 80-140kJ mol-!, and 10-60k] mol~! respectively. The derived thermokinetic parame-
ters from both global and pseudocomponent analyses satisfactorily reproduced the experimental curves
used for the analysis and could also successfully predict reaction progress at a heating rate outside what
was used in the analysis. The fits obtained between simulated and experimental results were comparable

Thermogravimetric analysis (TGA)
Non-isothermal

Kinetic analysis

Corn cobs

Sugar cane bagasse

to what has been reported in the literature based on conventional model-fitting techniques.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Various procedures for evaluating kinetic parameters from
data derived from non-isothermal thermogravimetric analysis
(TGA) have been developed, and the vast majority of them
can be classified as either ‘model-free’ or ‘model-fitting’. Until
recently, the model-fitting approach has found wider application in
biomass thermochemical conversion studies, although it is widely
recognised that the method suffers from two main deficiencies,
particularly in cases where data from only a single heating rate
is applied: i) it can often yield different values of kinetic param-
eters describing the same thermogravimetric curve, leading to an
ambiguity in terms of interpretation of the results; ii) it generally
tends to yield one set of kinetic parameters for the whole range
of conversion, therefore not taking into account the complexity of
mechanisms involved during pyrolysis of plant biomasses. Apply-
ing model fitting to datasets from multiple heating rates addresses

* Corresponding author. Tel.: +27 21 808 3503; fax: +27 21 808 2059.
E-mail address: jgorgens@sun.ac.za (J.F. Gorgens).

0040-6031/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.tca.2011.01.035

the first concern [1] but not the second [2]. On the other hand,
model-free methods shown to be effective in overcoming the afore-
mentioned problems associated with model fitting [2-4]. As the
name implies, model-free techniques do not require assumption
of reaction models, and yield kinetic parameters as a function of
either conversion (isoconversional analysis) or temperature (non-
parametric kinetics) [3].

The isoconversional approach is the more commonly adopted
of the two main model-free methods and is increasingly being
adopted in biomass thermochemical conversion research. In
2001, Garcia-Pérez et al. [5] employed Friedman’s isoconver-
sional approach to the study of the pyrolysis kinetics of sugar
cane bagasse. More recently, Biagini et al. [6,7], Cai et al. [8-10],
Leroy et al. [11], GaSparovi¢ et al. [12], Xiao et al. [13], Ton-
bul [14], and Santos et al. [15], have all employed various
isoconversional methods in the analysis of the non-isothermal
decomposition of biomass and/or its components. Only a few
of these studies [11,12] attempted to validate their model-
free derived kinetic parameters by simulating or predicting the
non-isothermal experimental data. According to Varhegyi [1]
the lack of comparison of analytical results with experimen-
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Table 1

Proximate and ultimate characteristics of corn cobs (CC) and sugar cane bagasse (SB) from this study and from other authors.

cC SB cC
Present study Present study

loannidou et al. [30]

cC SB SB
Sonobe et al. [49] Drummond and Munir et al. [45]
Drummond [43]

Proximate analysis (wt.% dry basis)

Moisture 6.5 6.8 7.6
Volatiles 80.2 76.9 84.3
Fixed Carbon? 16.7 178 7.63
Ash 3.1 53 8.06
HHV (MJ/kg) 17.2 17.5 18.3 (LHV)
Ultimate analysis (wt.% dry and ash free basis)

C 49.0 50.3 43.8
H 6.0 6.3 6.2
0? 44.7 43.1 50
N 0.3 0.3

S 0.08 0.07

822 86.5 81.5
16.9 119 133
0.9 1.6 52
17.7
45.5 46.3 46.2
6.2 6.3 6.3
37.9 47.2 45.7
13 0.2 1.8
0.0

@ Calculated by difference.

tal data calls into question the reliability of derived kinetic
parameters.

The present work aims at obtaining information on the
devolatilization behaviour and kinetics of corn cobs and sugar cane
bagasse. These two feedstocks represent the bulk of agricultural
residue in South Africa that is potentially available for bioenergy
production [16,17]. It has been estimated that up to 3.3 and 6.7 mil-
lion tonnes of sugar cane bagasse and corn residue are generated in
South Africa per annum, representing an energy equivalence of 118
and 58 PJ/yr, respectively [16]. Friedman'’s isoconversional method
has been employed to obtain the variation of kinetic parameters
over the entire range of conversion for the samples. Furthermore,
a unique approach was employed to derive kinetic parameters
of the constituent lignocellulosic pseudocomponents. Global TGA
data of the samples were deconvoluted and the separated peaks
representing hemicelluloses, cellulose and lignin were subjected
to the same Friedman’s analysis. Predictions based on the derived
kinetic parameters were compared with experimental data in order
to obtain an indication of the reliability of the kinetic approach
employed.

2. Material and methods
2.1. Samples

Dried corn cobs (CC) were collected from a farm in the Free State
province in South Africa, soon after grain harvesting in 2008. Sugar
cane bagasse (SB) used in this work was provided by the South
African Sugar Milling Research Institute (SMRI). First, dried samples
of both materials were chopped to a particle size <1 mm; afterwards
representative fractions were milled using a cryogenic grinder and
sieved with a fraction of 125-350 pm retained for the experimental
runs. The proximate and ultimate characteristics of CC and SB from
this study as well as from previous studies by other authors are
presented in Table 1.

2.2. Experimental method

The higher heating value (HHV) of the samples was measured
using a plain jacket calorimeter (Parr Instruments, USA, Model
1341). Ultimate analysis was done using a Vario EL elemental ana-
lyzer (Elementar Analysensysteme, Hanau, Germany). A Netzsch
STA 409 balance was used for thermogravimetric analysis. Low
sample masses and particle sizes (approximately 20-50 mg, and
<350 p.m) were used in order to reduce the occurrence of secondary
vapour-solid interactions, and the effects of mass and intra-particle
heat transfer [18]. For each experimental run, samples were held at

room temperature for 15 min, heated to 105°C and held again for
30 min. At this stage, the sample mass would have stabilized at a
constant dry weight and was then heated to 700°C at the following
heating rates; 10°Cmin~!, 20°Cmin~1, 30°Cmin~1, 40°Cmin~1,
and 50°Cmin~!. These low heating rates are characteristic of fixed
bed processes[19,20]. The nitrogen flow during pyrolysis was set to
be 55 mLmin~! (protective gas into the balance) plus 15 mLmin~!
directly into the oven chamber. For combustion of the formed char,
the temperature was maintained at 700°C for a further 30 min and
the nitrogen flow into the balance was kept constant at 55 mLmin~!
and 15mLmin~! of oxygen were fed into the oven (instead of
15mLmin~! nitrogen). Variation of the sample residual mass with
respect to time and temperature change (TG data), and its deriva-
tive with respect to time (DTG data), were continuously collected
using the Netzsch Proteus software.

2.3. Kinetic analysis

Kinetic evaluation in this study focuses on the temperature
range where devolatilization mainly occurs, i.e. 115-500°C (cor-
responding to stages 2 and 3 of Fig. 1). Curves derived from
10-40°Cmin~! heating rate experiments were used in the anal-
ysis. The kinetic analysis of the thermal decomposition of biomass
is usually based on the rate equation for solid state decomposition
processes [3,21]

da

Tt e f@ (1)

where « is the reacted fraction of the sample or conversion, flo)
is the reaction model, A and E are the Arrhenius—pre-exponential
factor and activation energy, respectively. The isoconversional
approach does not require the choosing of a reaction model and
is thus ‘model-free’. It allows the estimation of E as a function of
conversion, « independent of the reaction model, f{«). The most
common application of the isoconversional analysis was developed
by Friedman [22] and is used in this work. The method involves
computing the logarithms of the Arrhenius rate equation to get:

In (‘Z_Ot‘) —In (ﬁ%) —In[A-f(a)] - zf_r )

A plot of In(d«/dt); against 1/T; at the same degree of conversion
from data taken at various heating rates will result in a series of
lines, each with slope equal to —E/R corresponding to each value of
conversion, «, at different heating rates 8. Thus the dependence of
E and In(A-f(ar)) on & can be obtained.

A multi-component analysis approach is also frequently
adopted as part of the kinetic study of biomass degradation
[1,23-25]. In this approach, biomass is generally assumed to be
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Fig. 1. TG and DTG curves of CC and SB at 10°Cmin~! heating rate with TG (a#a )
and DTG (e ) curves.

composed of pseudocomponents reacting in parallel or in series [1].
Assuming parallel, multi-component reactions, Eq. (1) becomes;

[cji_ot[ - ZViAi exp {—%}f(ai) 3

where y; is the contribution of pseudocomponent i to the
total mass loss, Normally, such multi-component analysis of
biomass devolatilization kinetics is conducted via the model-fitting
approach [1,23,26]. However, in this study the Friedman’s method
has been applied to the evaluation of the kinetics of individual pseu-
docomponents present in the biomass. Global DTG curves for each
heating rate considered were first deconvoluted into three peaks
corresponding to the pseudocomponents—hemicelluloses, cellu-
lose and lignin. Deconvolution was done based on the application of
Gaussian and/or Fraser-Suzuki (asymmetric) type signals [27]. The
fitting of calculated signal to the experimental data is performed
using Marquardt’s non-linear optimization [27].

Simulation of experimental curves was obtained from the fol-
lowing expression [2,4];

1/B [, exp(~E./RT)dT
- exp(—Eq /RTy)

where t refers to the time, R refers to the gas constant, 3 refers to
the heating rate and Ty refers to initial temperature. The integral in
Eq. (4) is solved based on values of E, and T, which are obtained
directly from tables derived from Eq. (2). The obtained quality of fit
(QOF) between simulated and experimental curves was evaluated
via the expression:

o

(4)

2
Ny \/ {(dar/dt)eyy — (dot/dt)qc } /N
i=1 Max’da/dt’exp

QOF (%) = 100 x Z

where N, is the number of experimental points employed. The
AKTS-Thermokinetics software was used for all kinetic analysis in
this study [27]. The software allows the baseline optimization of

Table 2
Devolatilization parameters for CC and SB at different heating rates.

Sample Heating rate Ty (°C) Tc (°C) Ts (°C) %Rash (at 680°C)
(°Cmin-1)

cC
10 283 318 330 203
20 305 330 365 20.8
30 308 337 375 20.0
40 312 339 387 19.5

SB
10 295 350 376 24.1
20 307 362 391 19.5
30 312 370 400 18.7
40 320 374 412 21.6

Ty: the final temperature of cellulose degradation.

Th, Tc: the peak temperature corresponding to a maximum weight loss for hemicel-
luloses and cellulose, respectively.

%Rasn: the final residue.

data curves simultaneously with the estimation of kinetic param-
eters [27,28].

3. Results and discussions
3.1. Description of thermoanalytical curves

Fig. 1 shows mass loss (TG) and derivative mass loss (DTG)
curves for SB and CC at 10°Cmin~! under inert atmosphere. In
general, three distinct weight loss stages could be identified, in
agreement with previous findings [29-31]. The first stage, corre-
sponding to the reduction in mass at temperatures lower than
100°C can be attributed to the demoisturization of the samples,
6.5-11.8 wt.% and 5.0-7.1 wt.% respectively for CC and SB. In the
second stage, the temperature range 100-200°C, we see negligible
weight loss (<1.5% for CC, and <1% for SB), which was followed by
the start of devolatilization characterized by rapid weight loss, at
200°C for CCand at 230°C for SB. The insignificant weight loss prior
to the start of devolatilization has been attributed to the removal of
bound moisture and the start of polysaccharide hydrolysis [29,32].

Lignocellulosic biomasses are comprised of hemicelluloses, cel-
lulose and lignin as the major components [33]. The second stage of
weightloss depicted in Fig. 1 corresponds mainly to the degradation
of these components [34]. Hemicelluloses typically decompose in
therange of 160-360°C, while cellulose degrades at the higher tem-
peraturerange of 240-390°C[23]. The loss of lignin typically occurs
at a slower rate over a much wide temperature range of 180-900°C
[18,23,35]. On the DTG curves the temperatures at which maximum
rate of weight loss occurred are described by the position of the
peaks in the curve. The DTG curve of SB during the devolatilization
stage shows two distinct peaks which are represented by a notice-
able change in slope of the TG curve. The DTG peaks are much closer
to each other for CC than for SB and the maximum of hemicellu-
loses and cellulose peaks occurring at lower temperatures. Antal
and Varhegyi [18] ascribed the cause of the merged DTG peaks to
the catalytic behaviour of mineral matter present in biomass, which
may explain why SB with an ash content of 5.3% exhibits a more
distinct peak compared to CC which has 3.1% ash content.

The third stage, starting from the base of the DTG peak assigned
to cellulose (Fig. 1), has a much lower rate of weight loss (12% for
CC and 10% for SB) than the second stage (58% for CC and 60% for
SB). According to Roque-Diaz et al. [29], for SB, this stage of biomass
decomposition corresponds partly to the end of cellulose decom-
position, and partly to the beginning of secondary decomposition
of heavier volatiles and the formation of char. The decomposition
of lignin has also been reported to continue into this stage [31].

Table 2 shows the effect of heating rate on peak temperatures
and fraction of mass remaining at the end of conversion. The posi-
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Table 3

Relative contributions of pseudocomponents obtained from deconvolution.
Heating rate (°Cmin—') yi-CC (%) ¥i-SB(%)

Hemicelluloses Cellulose Lignin Hemicelluloses Cellulose Lignin

10 54.5 28.4 17.1 20.5 383 41.2
20 443 39.5 16.2 239 48.8 27.3
30 46.7 31.9 21.4 27.1 42.7 30.2
40 52.6 25.9 21.5 25.6 43.1 31.3
Average 49.5 314 19.1 243 43.2 325

tion of peaks ascribed to hemicelluloses and cellulose in SB shifted
from 295°Cto321°Cand from 350°Cto 376 °Crespectively. For CC,
the peaks in the DTG curve are so close that they tended to overlap,
especially at higher heating rates. According to Haykiri-Acma et al.
[36] and Di Blasi [37] the overlapping of DTG peaks was probably
due to sufficiently low heating rates allowing enough time for each
individual component in the biomass to decompose at its own typ-
ical peak temperature, while at high heating rates decomposition
is almost simultaneous and as such adjacent peaks representing
hemicelluloses and cellulose are merged to form broader peaks.

3.2. Global kinetic analysis

Apparent E and In(A-f(«)) values for both SB and CC calculated
via Friedman’s method are presented in Fig. 2. The plots also show
correlation coefficients for the parameter estimation over the entire
conversion range. The correlation coefficients relate to the linearity
(R?) of the lines joining isoconversional points on the Friedman’s
plots, i.e. plots of In(de/dt)i against 1/T; described earlier. It high-
lights the limitations arising from experimental data variations in
the beginning and towards the end of thermogravimetric pyrolytic
conversion [6]. For this reason, further discussions will focus on the
0.1-0.9 (0.8 for CC) conversion range.

The overall trend of apparent activation energy (E) dependence
on « was relatively similar for both CC and SB in the sense that E
more or less increased in the 0.1-0.6 conversion ranges for both
materials, followed by a reduction at higher conversion levels. At

E (kJ/mol)
- b e e B3 MY RD
O N D NG NO R O
S0 6 0o oo o e
In (A*fla)) (5°1)

~
a

0 0.1 0.2 03 04 05 06 07 08 09 1
Conversion (a)

E (kJ/mol)
In (A*f{a)) (57)

0 01 0.2 0.3 0.4 05 06 07 08 [15:] 1
Conversion (o}

Fig. 2. Apparent E, In(Af{o)) dependence on conversion for CC and SB with E
(o ), I0(A-f{cv)) (o ) and the calculated correlation coefficients (sassas ).

the start of CC devolatilization, E increased from just less than
100 k] mol~! to peak at 150 k] mol~! (at o =0.2). This was followed
by a further increase until a new peak of 160 k] mol~! was reached
at about «=0.6. Another peak in the apparent activation energy
curve can be observed at about o =0.9 although the low correlation
coefficient at this point implies the values might be more unreliable.
The apparent E curve for SB was smoother, starting with an ini-
tial peak of about 200 k] mol~! at o =0.05, increasing to the highest
pointof 225 k] mol~! atabout o =0.5. Thereafter, E decreased reach-
ing 150kJ mol~! at «=0.9. The range of overall E values obtained
here for SB agreed well with those arrived at by Garcia-Pérez et al.
[5] using the same isoconversional method, i.e. 150-200 k] mol~!
in the conversion range, 0.05-0.75. No isoconversional based lit-
erature was available to compare CC results with, although Cao
et al. [38] and Zabaniotou et al. [39] obtained 68-176 k] mol~! and
65-75k]mol~! respectively, using a curve fitting approach based
on single first order reaction model.

The E values presented in the results are not the actual acti-
vation energy of any particular single reaction step, but is rather
an aggregate (or apparent) value reflecting the contributions of
numerous competing and parallel reaction steps to the overall
reaction rate. These contributions, for a complex process such as
biomass devolatilization, are known to vary with respect to temper-
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Fig. 3. Deconvolution of DTG curves for CC and SB at 20°Cmin~" with hemicel-
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ature and extent of reaction [2], and frequently overlap one another.
This factor limits the theoretical utility of such global kinetic param-
eters in describing specific decomposition reactions mechanisms
since no particular reactions can be identified [2,40]. Nevertheless
some general tendencies in the global reaction mechanism can still
be drawn. For instance, the results could allow a qualitative com-
parison of the reactivity of both fuels, since higher apparent E values
are generally due to the decomposition of the less reactive compo-
nents in biomass [6]. Based on this, it can be deduced that CC is
more reactive than SB. The catalytic effect of ash was not read-

Table 4

ily discernable, since the higher ash content in SB should result
in lower activation energy, which was not observed. This suggests
that factors other than ash are more prominent. The overall trend
of E(«) for SB and CC in Fig. 2 also indicates that the less reactive
constituents decompose at earlier stages of conversion followed in
the later stages («>0.6) by the more reactive components corre-
sponding to lower E values. The decreasing trend of E(«) at higher
conversion agrees with reported results from some previous stud-
ies [11] based on similar biomass materials but contradicts a few
others [6,8]. This again highlights the unreliability of the theoretical

Quality of fit (QOF) values obtained from comparing simulated and experimental DTG curves using both global and pseudocomponent analysis.

Heating rate (°Cmin—')

Global analysis (QOF of DTG curves, %)

Pseudocomponent analysis (QOF of DTG curves, %)

CcC SB CcC SB
10 21 1.9 6.8 1.8
20 38 14 6.7 1.7
30 21 1.7 33 3.1
40 1.8 0.5 29 1.9
50 6.9 23 9.6 5.3
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[

or mechanistic interpretation of the kinetic trends obtained from
complex materials.

3.3. Kinetic analysis of pseudocomponents

It is widely recognised that the devolatilization behaviour of
lignocellulosic biomass is heavily dependent on the behaviour
of their constituent components namely hemicelluloses, cellulose
and lignin [24,40,41]. Considering that similar experimental con-
ditions (i.e. heating rate, temperature, pressure and particle size)
were employed, the difference in the devolatilization and appar-
ent kinetic trends between the two fuels can be attributed to
the differences between the relative composition and nature of
these components. Analysis of pseudocomponents representing
these constituents was accomplished by first deconvoluting the
DTG curves of the samples as described in the methodology sec-
tion. The results of the deconvolution are displayed in Fig. 3 and
the derived percentage contribution of the separated peaks to the
total curve area is provided in Table 3. The percentage contribu-
tion of the pseudocomponents shown in Table 3 are broadly in
the range of chemical composition values reported in literature for
SB; 20-32% hemicelluloses, 31-40% cellulose, 18-27% lignin, and
6-25% extractives [42-45]. For CC, reported values range between
32% and 40.6% for SB hemicelluloses, 34-51% for cellulose, 3-19%
for lignin, and 4.9-12.6% for extractives [30,46-49] differ signifi-
cantly from our results particularly with reference to lignin which

seems to be overestimated at the expense of cellulose. Deviations
from the reported values for both samples could be explained by
the presence of alcohol-benzene-water-soluble extractives which
could represent up to 25wt.% of the original untreated material
[42]. The devolatilization of extractives generally occurs in the
same range of temperature as hemicelluloses and parts of lignin.
This effect also highlights why the deconvoluted peaks cannot,
strictly speaking, be assigned to specific components. Hence the
use of the term ‘pseudocomponents’ in literature [1], where reac-
tion steps represented by the peaks are thought to be dominated
by one component or the other. For these peaks to be realistically
considered as true representations of lignocellulosic components,
a calibration using TGA results of each of the extracted compo-
nents may be necessary in the manner shown by Carrier et al.
[50].

The high deviation within the reported composition values
themselves partly point to the heterogeneous nature of biomass,
but may also be attributed to the different methodologies employed
in determining composition. Whereas the chemical composition
of cellulose is known to vary little between biomass materials,
the types and properties of hemicelluloses and lignin often dif-
fer widely [41], further highlighting the heterogeneous nature of
various lignocellulosic biomasses. In addition, the amountand com-
position of ash contained within biomass are known to influence
devolatilization, as mentioned earlier. All of the aforementioned is
reflected in the variance observed in Table 1 between proximate
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Fig. 6. Reproduction of experimental DTG curves for heating rates 10-40°C min~!
based on parameters from global kinetic analysis with 10°Cmin~! (A ), 20°C min~!
(X)), 30°Cmin~1 (+ ), 40°Cmin-! ( ) and simulated curves ().

and ultimate parameters derived for this study and those from
previous authors.

To obtain the kinetics of each pseudocomponent, peaks rep-
resenting them were extracted from each heating rate and are
shown grouped together in Fig. 4. From these peaks, apparent E
and In(A-fla)) dependence on « for each pseudocomponent were
derived via the same isoconversional analysis employed for global
single component analysis and are shown in Fig. 5. The E(«) trends
for both materials confirm that the decomposition of the pseu-
docomponents also proceeds via a multi-step process comprising
numerous complex reactions.

The concerns mentioned during the discussion of global kinetic
analysis above, about the apparent nature of E, apply even more
to pseudocomponents analysis because of the extra mathemat-
ical manipulations involved. Therefore even more care must be
taken in deriving theoretical interpretations from the results, espe-
cially when the poor correlation coefficients shown in Fig. 5 are
also considered. In general, it can be observed that the apparent E
obtained for each pseudocomponent is largely consistent with lit-
erature where often lower activation energy values are reported
for lignin (18-65k] mol~1) than for cellulose (195-286 k] mol-1)
or hemicelluloses (80-116kJmol~') [24,25]. The fact that these
reported values were obtained via a different analytical approach
(model-fitting) gives an indication of the reliability of our approach.
Another indicator of our method’s versatility can be obtained by
validating simulations produced from the results with experimen-
tal data as shown in the next section.

3.4. Validation of kinetic analysis approach
Ultimately, the main usefulness of kinetic analysis of polymers

such as biomass is more practical than theoretical. According to
Vyazovkin [3] and Varhegyi [1], kinetic analysis should also include
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Fig. 9. Comparison of predicted and experimental curves for SB and CC at
50°Cmin~" heating rate based on kinetic analysis of pseudocomponents with hemi-
celluloses (mm mm mm ), cellulose ( ),lignin(__ @ __),total predicted ()
and experimental curves (O ).

the practical ability to simulate and predict degradation rates which
help in the design and sizing of thermochemical process reactors.
For the current paper, the validation was achieved by simulating
the heating rate curves employed in the analysis, and by predicting
the reaction rate progress at a different heating rate, 50°Cmin~!,
not used in the analysis.

In traditional kinetic analysis, it is normally expected that all
three parameters that form the Kinetic triplets - activation energy
(E), pre-exponential factors (A) and decomposition function (f{e)) -
are needed in order to predict TG or DTG curves using Eq. (1). How-
ever, Vyazovkin [4] showed that it was not necessary to derive these
parameters when isoconversional analysis is applied. In the first
place their theoretical relevance as a tool for interpreting reaction
mechanism has been questioned [2]. Furthermore their practical
relevance in terms of simulating or predicting reaction progress or
reaction rate data are rendered redundant (during isoconversional
analysis) as reaction curve predictions can be readily obtained from
Eq.(4).Fig. 6 shows areproduction of the DTG curves (10, 20,30 and
40°Cmin~1) used in the kinetic analysis from the results obtained
from global kinetic analysis. The quality ranging of fits obtained
using Eq. (5) between the simulated and experimental DTG curves
for both CC and SB are shown in Table 4. The fit values displayed
in Table 4 using the global, single component analytical approach
compared well with those obtained via conventional model fitting
approaches employed in previous reports. Branca et al. [24] who
employed multi-heating rate, multi-component model fitting on
wood devolatilization obtained fits from 3% to 26% using a 1, 2, and
3 independent parallel reactions model. Gronli et al. [25] obtained
better fits ranging from 0.6% to 2.2% using a 5 parallel reactions
model. This clearly shows that model-free methods produce com-
parably reliable predictions to multiple heating rate model-fitting
methods.

Another indication of the reliability of the kinetic analysis
method is the ability to predict reaction progress for heating rates

outside the range used in the analysis. Fig. 7 shows good agreement
between the predicted and experimental TG and DTG curves for
CC and SB at 50°Cmin~!. The fit values obtained are comparable
to those obtained at heating rates within the range used for kinetic
analysis.

Simulation and prediction from pseudocomponent analysis
were achieved using Eqs. (3) and (4). First, Eq. (4) was applied
to each pseudocomponent, and then the global curve was calcu-
lated as the weighted sum of the simulated curves assigned to the
pseudocomponents according to Eq. (3). Fig. 8 shows the repro-
duction of curves employed in the analysis while Fig. 9 shows the
predicted reaction rate at 50°Cmin~!. In both cases, simulated or
predicted curves were compared with experimental data and the
QOFs obtained are presented in Table 4. The results show a better
fit between simulated and experimental curves for SB than for CC.
Compared to results from the global kinetic approach, generally
lower fits were obtained from the analysis of pseudocomponents,
probably as a results of errors from mathematical manipulations
of the data during the deconvolution. However, fits obtained from
the pseudocomponent analysis are still comparable and in some
cases better than those derived from conventional model-fitting as
mentioned above.

4. Conclusions

The thermokinetics of the devolatilization of two of the most
prominent agricultural residues in South Africa, corn cobs and sugar
cane bagasse, have been investigated in this paper by thermogravi-
metric analysis. Friedman’s isoconversional analysis was applied
to global and deconvoluted DTG curves to obtain the dependence
of the kinetic parameters on conversion for the samples and their
constituent pseudocomponents.

To our knowledge, this study represents the only attempt to
use this approach. Some differences in the devolatilization char-
acteristics (devolatilization rates, peak temperatures and kinetics
parameters) were observed between the two fuels and their pseu-
docomponents, with sugar cane bagasse having generally higher
activation energy values than corn cobs. Considering that similar
experimental conditions (i.e. heating rate, temperature, pressure
and particle size) were employed, this could be attributed to
the differences between the relative composition and nature of
these components. However, these observed differences between
the two agricultural wastes studied where relatively small, and
may suggest that there are no kinetic barriers to the thermal co-
processing of these fuels, where other factors such as heat and
transport phenomena are not limiting.

Furthermore, it was pointed out that while some useful theo-
retical interpretations of the kinetic parameters are possible, the
main utility of these kinetic parameters is their applicability to
the prediction of experimental decomposition data. Results from
both global and pseudocomponent analysis were therefore used
to simulate experimental curves and reasonably high fits between
simulated and experimental data were obtained, comparable to
those obtained from model-fitting studies. This implies that the
results can be reliably used in the design and optimization of
the devolatilization section of reactors used in thermochemical
processes where low heating rates occur, such as slow pyroly-
sis/carbonisation and updraft fixed bed gasification.
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This chapter investigates the non-isothermal thermokinetics of the co-pyrolysis of
sugarcane bagasse and corn residue blended with low grade coal, using the model-
free kinetic approach. The biomass samples used were obtained from different
locations to those used in the previous chapter. The individual devolatilization
behaviour of each of the fuels obtained separately was compared with the behaviour
of the biomass blends with coal at various mix ratios. Synergistic behaviour that
point to the existence of chemical interactions during pyrolysis between the coal and

biomass fractions of the blends was also identified.

3.1 Introduction

The co-utilization of coal-biomass blends as feedstock in already existing industrial-
scale coal conversion plants is a promising technological option for taking advantage
of available biomass resources. Examples of existing processes for coal conversion
into energy products include combustion, direct liquefaction
(carbonisation/pyrolysis) and indirect liquefaction (gasification). Coal converted via
these technological routes currently account for 26% of the world’s primary energy
supply and 46% of global electricity production [1]. Coal is also playing an
increasingly important role in the production of liquid fuels and chemicals [2], and is
the fastest growing energy resource in the world with reserves expected to last for
up to 200 years compared to about 65 years and 40 years for natural gas and crude
oil respectively [3]. Co-processing biomass with coal for energy and chemicals

production will reduce fossil-derived CO2 emissions from coal, and can also limit the
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discharge of local air pollutants such as SOx and NOy [4,5]. Further advantages of co-
processing biomass with coal include avoiding the costs of dedicated biomass based
installations, and avoiding concerns related to biomass feedstock supply limitations
for industrial scale processes, while still satisfying economies of scale requirements.
More importantly, this will also help to address concerns about potential

competition between energy crop demands and food requirements on land use [6].

Since pyrolysis/devolatilization is a fundamental step in all main thermochemical
conversion routes, the adaptation of coal based processes to biomass co-feeding
necessitates an understanding of the devolatilization kinetics of the biomass-coal
blends. Various procedures for evaluating kinetic parameters from data derived from
non-isothermal thermogravimetric analysis (TGA) have been developed, and the vast
majority of them can be classified as either ‘model-free’ or ‘model-fitting’ [7]. Until
recently, the model-fitting approach has found wider application in biomass
thermochemical conversion studies. However, it is widely recognised that the
method suffers from two main deficiencies, particularly in cases where data from
only a single heating rate is applied [7,8]: i) it can often yield different values of the
kinetic parameters describing the same thermogravimetric curve, leading to an
ambiguity in terms of interpretation of the results; ii) it generally tends to yield one
set of kinetic parameters for the whole range of conversion, therefore not taking
into account the complexity of mechanisms involved during pyrolysis of plant
biomasses. The model-free methods however addresses these concerns [7,9,10]. As
the name implies, the model-free approach does not require assumption of specific
reaction models, and vyields unique kinetic parameters as a function of either
conversion (isoconversional analysis) or temperature (non parametric kinetics [9]).
Of the two main model-free methods the isoconversional approach is more
frequently adopted, and is increasingly being used in biomass thermochemical
conversion research. In 2001, Garcia-Perez et al. [11] employed Friedman’s
isoconversional approach to the study of the pyrolysis kinetics of sugar cane bagasse.

More recently, Biagini et al. [12], Cai et al. [13], Leroy et al. [14], Santos et al. [15],
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and Aboyade et al. [16] employed various isoconversional methods in the analysis of

the non-isothermal decomposition of biomass and/or its components.

Numerous recent studies on the TGA pyrolysis of coal [17-19] and coal-biomass
blends [20-25] are available and most were based on different variations of model
fitting techniques. Co-pyrolysis studies tend to focus on whether the reacting fuels
interact with each other during pyrolysis, to produce synergistic behaviour. Older
reports have usually concluded that no interactions between the biomass and coal
exist during co-pyrolysis of coal-biomass blends [20-23]. However more recent
efforts by Ulloa et al. [24] and Hayciri Acma [25] have challenged this view, showing
that there are indeed significant interactions between the coal and biomass fractions

during pyrolysis.

The present work considers the devolatilization behaviour and kinetics of coal blends
with corn and sugar cane biomass residues, two of the most abundant sources of
waste derived biomass in South Africa [26,27]. An atmospheric TGA was employed,
but as Hillier and Fletcher [18] showed, pyrolysis kinetic parameters obtained under
atmospheric conditions are also applicable to pressurized conditions of up to 40
bars. The changes in pyrolysis kinetic parameters during the pyrolysis process were
analysed to identify possible synergistic behaviour. Predictions based on the derived
kinetic parameters were compared with experimental data in order to obtain an

indication of the reliability of the kinetic approach employed.

3.2 Material and methods

3.2.1 Samples

The coal sample used was a blend of various typical South African hard coals that can
be described as low grade, with high ash and inertinite content. The biomass types
used in the study were sugarcane bagasse (BG) and corn residues separated into
cobs (CC) and corn stover (CS), all obtained from farms in the Free State Province of

South Africa. CS was received already shredded, while CC arrived in whole pieces.
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Both types of corn residues were received already dried with moisture content less
than 7%. CS particles smaller than 0.25 mm were sieved because they were
determined to consist mostly of sand. BG samples were received wet with 35-40%
moisture content and was air dried for 48 hours until a moisture content of less than
10% was achieved. Representative sub-samples for experiments were obtained for

all samples according to CEN/TS 14780/2005 [28].

C, H, and N content in the samples were determined according to ASTM D5373 [29].
Sulphur was determined according to ASTM D4239 [30]. Higher heating value was
determined using BS EN 14918:2009 [31], while proximate analysis was conducted
according to ASTM E1131 [32].

The chemical components of biomass raw materials were analysed by the standard
method developed by NREL analysis procedure LAP 002, 003, 017, and 019
(http://www.nrel.gov/biomass/analytical_procedures.html). In brief, 5 g of milled
and sieved samples was extracted with water for 24 hours in a Soxhlet apparatus.
Then water extractive free sample was then extracted with 95% ethanol for 24
hours. Extractive-free biomass was hydrolysed with 72% sulphuric acid (% w/w) (0.3
g material and 3 ml H,SO4) in a heating water bath set at 30°C for 60 minutes. The
sample was then diluted with 84 ml of de-ionised water to make the final
concentration 4% w/w H,SO, and the mixture was autoclaved at 121°C for 60
minutes. The resulted mixture was filtered in a porous crucible. The filtrate (liquid
fraction) was taken for monomeric sugars analysis by HPLC and for acid soluble lignin
analysis by spectrophotometer. The solid fraction was dried at 105 + 2° C for 12
hours and then was put into the furnace set at 575°C. The left material was cooled in
desiccators and weighed to determine the amount of insoluble lignin. Soluble lignin
was in the liquid fraction was measured by UV-spectrophotometer at a wavelength
of 280 nm. Samples from raw material were analyzed for sugar content (cellobiose,
glucan, xylose and arabinose) by high performance anionic exchange
chromatography on a Dionex Ultimate® 3000 system equipped with a CarboPac PA1

column (4x250 mm) operated at 25°C with a mobile phase of 30 mM sodium
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hydroxide and a flow rate of 1ml min™". The results of the ultimate and proximate
analysis for the samples used as well as the biochemical characteristics of the

biomasses are presented in Table 4-1.

Table 3-1: Proximate, Ultimate and biochemical (biomass only) characteristics of feedstock samples

Properties BG cC (& Coal
Ultimate analysis (wt % dried basis)

C 43.1+0.5 45.7+0.5 34.2+04 45.4+0.5
H 5.710.1 6.0+0.1 4.810.1 3.0+£0.1
N 0.3+£0.1 0.2+0.1 0.6+£0.1 1.11£0.1
S 0.3+0.1 0.32+0.02 0.2+0.1 1.0£0.1
o* 40.310.4 46.2+0.5 35.7¢04 10.9+0.2
HHV (MJ/kg) 16.6x0.2 18.0+0.2 13.2+0.1 17.410.2

Proximate analysis (wt %)

Moisture 6.710.1 7.0£0.1 6.910.1 4.0£0.1
Ash (db) 10.3£0.1 1.620.1 24.5+0.1 38.6+0.2
Volatiles (daf) 91.7+£0.3 84.310.3 84.1+0.3 31.7¢0.1
Fixed carbon (daf) 8.310.1 15.710.1 15.910.1 68.3+0.3

Lignocellulosic composition (daf wt%)

Cellulose 44.2+0.6 35.9+0.8

Hemicellulose 23.810.4 38.1+0.8

Lignin 22.4+0.3 16.710.2

Extractives and others 9.7+0.5 9.5+0.8

3.2.2 Experimental method

A Mettler Toledo TGA/DCS 1 analyzer was employed for TGA experiments. Nitrogen
was used as the purge gas, and was set to a flow rate of 150mL min to ensure an
inert atmosphere and to prevent secondary reactions by volatiles produced during
pyrolysis. For each experimental run, samples were heated to 105°C and held at that
temperature for 15 minutes to ensure drying. Thereafter the samples were heated at
selected heating rates to a final pyrolysis temperature of 900°C and held at that
temperature for another 15 mins to allow for stabilization of mass. The purge gas
was then changed to oxygen for carbon burn-off in order to determine the ash
content. A graphical representation of the temperature program just described is

shown in Fig.4-1.
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Based on preliminary runs conducted and the literature, sample masses of between
5-25 mg and particle size of less than 212um were used to ensure that the effects of
external and intra-particle heat transfer were limited in both coal and biomass
samples [31,32]. Coal-biomass blends were prepared and according to the following
mix ratios (by mass); 90:10, 80:20, and 60:40. Vigorous mixing was achieved by
passing each sample blend 4 times through a Retsch PT 100 rotary sample divider.
Dispersion was further ensured by stirring the blends within TGA sample holders to
prevent settling. This was continued up till the point where the samples were loaded
into the analysers. These procedures helped to ensure reproducibility of greater than
98% between repeated runs. Blends were analysed at 5, 10, and 50°C min™ heating
rates while single fuel samples were analysed at 5, 10, 20, 30, 40, 50 and 150°C min.
All analysis were conducted in duplicate. Variation of the sample residual mass with
respect to time and temperature change (TG data) were collected automatically by
the equipment and were analysed according to the method described in the next

section.
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Figure 3-1: TG and DTG curves of individual fuel pyrolysis at 10°C min™ (dotted lines represent sample TG and

DTG curves while unbroken line in 1a shows the time-temperature profile)

3.2.3 Kinetic analysis
The kinetic analysis of the thermal decomposition of biomass is usually based on the

rate equation for solid state decomposition processes [9]:

62



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

% = A exp [— %] f(a) (1)

Where a is the reacted fraction of the sample or conversion, A and E are the
Arrhenius parameters - pre-exponential factor and activation energy respectively,
and f(a) is the reaction model. Conversion, a, is derived from the equation
a = (my —m)/(my —my) where mp and my are the initial and final mass in the
non-isothermal temperature range used for the analysis (Fig. 4-1). The model-free or
isoconversional approach does not require the choosing of a specific reaction model,
or f(a) as was the case for model-fitting shown above. Isoconversional techniques
allow the estimation of E as a function of conversion, or a based on data from
multiple heating rates. Results obtained from the slow heating rates 5-50°Cmin™
were used in the analysis. The analysis was conducted using the AKTS
Thermokinetics software [35] and a detailed description of the method used is given
in Aboyade et al [16]. Simulation of experimental curves were obtained from the

following expression [7,10];

gl exv()ar
= iy (2)

exp (R_To

where t refers to the time and Ty refers to initial temperature. The obtained quality

ty

of fit (QOF) between simulated and experimental curves was evaluated via the

expression [36]:

2
{(%)exp B (Z_(:)calc} da

Max |[—
Ny dat

QOF (%) = 100 x ¥ (3)

exp

where N is the number of experimental points employed.
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3.3 Results

3.3.1 Characteristics of TGA curves

3.3.1.1 Single fuels

Fig. 4-1 shows the non-isothermal mass loss (TG) and derivative of mass loss (DTG)
curves for BG, CC, CS and Coal single fuels at 10°C min ™. Fig. 4-1a is a plot of mass
loss against time and includes a temperature versus time plot, on which the
temperature program used in the analysis is illustrated. The initial small reduction in
mass just before the beginning of the dynamic section of the time/temperature plot
could be attributed to the demoisturization of the samples. Because the kinetic
modelling in this paper is based on non-isothermal kinetics, all analysis henceforth
will be focused on the temperature range corresponding to the dynamic region of
the plot in Fig. 4-1a. Consequently the DTG versus temperature plots shown in Fig. 4-

1b only cover this region.

Significant weight loss due to devolatilization in the biomass fuels started at 210,
200, and 170°C for BG, CC and CS, respectively, which was considerably lower than
the temperature corresponding to the start of coal devolatilization (390°C). Rapid
weight loss in the biomass samples occurred in a narrower temperature range
(approximately 200-400°C) than for coal (~¥400-900°C). The maximum devolatilization
rate for biomass (0.15-0.18 %/s) depicted on the DTG curves (Fig. 4-1b) were one
order of magnitude greater than the maximum rates for coal (0.02 %/s). Four peaks
for coal, two peaks each for the BG and CC, and one peak for CS was observed in the
DTG curves (Fig. 4-1b). The CC peaks occurred at the lowest temperatures, and were
of almost equal dimensions. The BG peaks were of unequal dimensions, with the
first, smaller peak occurring at 210°C and the larger one at 365°C. The shoulder at
the end of the last biomass peaks started at just under 400°C, marking the end of
rapid weight loss. On the other hand, 400°C was only the start of the significant mass
loss rates for coal, such that only 15 wt% of coal devolatilization had occurred at this
temperature compared to 89 wt% and 88 wt% for BG and CC, respectively. Coal
devolatilization continued up to 900°C with a total volatile content loss of 20 wt% (30

wt% on dry and ash free basis), and exhibited 4 overlapping peaks with successively
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lower maximum reaction rates. By the end of the non-isothermal temperature
region in Fig. 4-1a (at temperature of 900°C), total mass loss due to devolatilization
on dry and ash free basis were 90.8%, 82.7%, 80.3% and 31% for BG, CC, CS and coal,
respectively. In line with previous reports [37,38], there was no correlation observed
between heating rate and total weight loss during devolatilization. The change in
volatile yield as heating rates increased from 5 to 150°C min™ was negligible with

deviation of less than 1% for all materials (data not shown).

3.3.1.2 Blends

Fig. 4-2 shows DTG curves of Coal-BG and Coal-CC blends at various mix ratios
obtained at a heating rate of 10°C min™. At all mix ratios, peaks corresponding to
biomass and coal fractions of the blended fuels maintained essentially the same
shape and position on the temperature axis as was observed during individual
pyrolysis. For each of the blend type, the two peaks representing the biomass
fraction were visible in the same temperature range (approximately 200-400°C) as
when biomasses were pyrolyzed individually (Fig. 4-1). Similarly, DTG peaks for coal
as single fuel and as a component of a biomass-blend occurred in the same
temperature range of 400-900°C. In other words, the shapes and position of the
biomass and coal peaks in the DTG curves in the blends remained relatively
unaltered compared to DTG curves of single fuels. However, blending did affect the
peak height or maximum reaction rate of the section of the curves corresponding to
both coal and biomass; increasing the biomass fraction in the blend caused an
increase in the maximum devolatilization rate of the peaks representing coal, while
reducing the maximum devolatilization rates of peaks corresponding to biomass. At
the 90:10 coal biomass mix ratio, the maximum devolatilization rates of the biomass
fraction of the blends was reduced to almost matching the values of the coal fraction
(Figs. 4-1 and 4-2). Therefore, the maximum devolatilization rate of each material in

a coal-biomass blend was a function of its relative contribution to the blends.
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Figure 3-2: DTG curves of various mix ratios of Coal-BG and Coal-CC blends obtained at 10°C min™

The influence of mix ratio on the yield of volatiles is illustrated in Fig. 4-3, which
depicts experimental and predicted weight loss due to devolatilization for different
mix ratios of coal and biomass. To take account of the varying ash and moisture
content (Fig. 4-1), dry and ash free values were used. Experimental values presented
are the averages obtained from multiple heating rates, and as was the case for
individual fuels, volatile yields from the blends were independent of heating rates,
with negligible variation between experiments. Predicted weight loss was calculated
as the weighted sum of the yields of the contributing coal and biomass fractions

obtained under the same conditions.

Y = [x.Y. + x,Y,]/100 (4)
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where Y= predicted yield for the blended sample; Y.= observed yield of 100% coal; x,
= fraction (%) of coal in the blend sample; Y, = observed yield of 100% biomass; xj;=

fraction (%) of biomass in the blend.

Fig. 4-3 shows that as the biomass fraction in the blend was increased, a
corresponding increase in volatiles yield was observed, beyond what would be
expected assuming a simple additive behaviour in volatiles yield between the
contributing fuels. However this increase was not directly proportional to the mix
ratio. The difference between calculated and observed yields in coal-CC blends
increased from 8.9% at 90:10 coal-biomass mix ratio, to a maximum of 12.3% at
70:30 mix ratio, and then reduced marginally to 11.9% at 50:50 mix ratio. The trend
was similar for coal-BG blends, except that the maximum difference between
calculated and observed vyields (11 %) was observed at 60:40 mix ratio having
increased from 6.6% at 90:10 mix ratio. Therefore, a point exists (approximately 40
wt% for BG and 30 wt% for CC) beyond which further addition of biomass to the

blend did not lead to a corresponding increase in volatile yields.
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Figure 3-3: Influence of mix ratio on volatile yields (data shown are average of values from 5, 10 and 50°C min-
1 heating rates)

Fig. 4-4 compares the experimental and calculated mass loss and DTG versus

temperature curves for both coal-BG and coal-CC blends. Calculated curves were

based on weighted average of the contributing fractions as detailed in eqn (4). It

shows how the disparity between experimental and weighted average values (or
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synergy) evolved as the pyrolysis process progressed. The experimental and

calculated TG curves were closely matched for temperatures below 300°C for both

blend types indicating the absence of synergy up to this point. This shows that the

difference in final volatile yield observed in Fig. 4-3 was caused by deviations from

the ‘expected’ mass loss trends that started around 300°C. However, reaction rate

data on the DTG curves show that deviations from normality only lasted until 500°C,

after which the calculated reaction rates again matched experimental data points for

both coal-BG and coal-CC blends. This indicated that synergy during co-pyrolysis, as

measured by the difference in experimental and calculated values of final volatile

yields, was due to an ‘abnormal’ change in devolatilization rates that occurred in the

300-500°C range.
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Figure 3-4: Comparing experimental and calculated (weighted average) TG and DTG curves of coal-biomass

blends at 90:10 mix ratio
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3.3.2 Kinetic analysis

3.3.2.1 Single fuels

Results of the model free analysis for single fuels are presented in Fig. 4-5. The figure
depicts the change in apparent E and /n(4 *f(o)) values for the samples studied. The
plots also show correlation coefficients for the parameters calculated over the entire
conversion range. In the 0.1 to 0.8 conversion range, where the correlation
coefficient was high (>0.95), the apparent activation energy E for the biomass fuels,
increased from 165 kJmoI'l, 162 kJmoI'l, and 160 kImol? for BG, CC and CS,
respectively to a maximum of 180 kJmoI'l, 190 kimol™* and 175 kJmoI'l, respectively.
Within the biomass fuels, variation of apparent E at 3.4% with conversion in the
range of 0.1-0.8 was lowest for BG, followed by 3.6%, and 6.6% for CC, and CS,
respectively. Apparent E for coal was more or less constant, only varying by 4.6%

with an average of 245.6 kJ mol™ over the 0.1-0.8 conversion range.

3.3.2.2 Blends

Apparent E(a) and In(A*f(a)) for the blends are shown in Figs. 4-6 and 4-7. As for the
DTG curves, the conversion range in which biomass devolatilized was easily
distinguishable from the range corresponding to coal devolatilization, according to
the values obtained for pyrolysis of the individual fuels which for biomass was
generally less than 200 kJ mol™. The biomass fraction of the blend was responsible
for the initial stages of conversion while transition to the range of conversion
corresponding to predominantly coal pyrolysis was marked by an abrupt change in
the trend of apparent E values. The conversion at which this transition occurred for
both coal-BG and coal-CC blends, with 10 wt%, 20 wt%, and 40wt% biomass
fractions, were at approximately 0.32-0.33, 0.5-0.52 and 0.7-0.73, respectively.

These conversion values also indicated the mass contribution that biomass made to
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Figure 3-5: Isoconversional kinetic parameters of individual fuels. Also shown are average apparent E values
and deviation (%); Maximum conversion a=1 corresponds to 90.8%, 82.7%, 80.3% and 31% dry and ash free
volatile yields in BG, CC, CS, and coal respectively; (Bold lines depict apparent E, thin lines depict In (A*f(a)) (S-

1) and dotted lines show the correlation coefficient of the calculated parameters)
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the total volatile yields; at 10 wt% biomass, the BG and CC fractions accounted for

about 34% conversion while at 80:20 and 60:40 mix ratios the contribution of

biomass fraction of the blends to total conversion was approximately 50% and 70%

respectively.
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Figure 3-6: Isoconversional kinetic parameters for Coal-BG blends at 10, 20, and 40 wt% biomass mix ratio. Also

shown are average apparent E values and deviation (%); (Bold lines depict apparent E, thin lines depict In
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Figure 3-7: Isoconversional kinetic parameters for Coal-CC blends at 10, 20, and 40 wt% biomass mix ratio. Also
shown are average apparent E values and deviation (%); (Bold lines depict apparent E, thin lines depict In

(A*f(a)) (S-1) and dotted lines show the correlation coefficient of the calculated parameters)

Apparent E values for the biomass fraction of the blends followed similar trends to

those observed for individual biomass pyrolysis as earlier described (Fig. 4-5).
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However, the change in apparent E for the range of conversion corresponding to
predominantly coal decomposition («>0.3, 0.5 and 0.7 for 90:10, 80:20 and 60:40
mix ratios respectively), varied more significantly compared to how E{a) behaved
when coal was pyrolyzed individually; E(a) values for coal alone varied by about 4.6%
while in blends with BG and CC the variation ranged from 7.2 to 8.4% and 6.4 to
14.5% respectively (Figs. 4-5, 4-6 and 4-7). Additionally, the average E values for the
coal fraction of the blends decreased during co-pyrolysis with increasing biomass
fractions in the blends. For instance, in blends with BG, average E values
corresponding to coal decomposition fell from 267 kJ mol™ to 200 kJ mol™* and 170 kJ
mol™ as the BG fraction was increased from 10 wt% to 20 wt% and 40 wt%

respectively.

3.3.3 Validation of kinetic approach

According to Vyzovkin [9] and Varheyi [39], kinetic analysis should also include the
practical ability to simulate and predict degradation rates which helps in the design
and sizing of thermochemical process reactors. For the current paper, validation was
achieved by simulating the heating rate curves employed in the analysis, and by
predicting the reaction rate progress at a different heating rate (50°C min™) not used

in the kinetic analysis.

In traditional kinetic analysis, it is ordinarily expected that all three parameters that
form the kinetic triplets — activation energy (E), pre-exponential factors (A), and
decomposition function (f(a)) — are needed in order to simulate/predict TG or DTG
curves using equation (1). However, Vyazovkin [10] showed that it was not necessary
to derive these parameters when model-free analysis is applied. In the first place the
theoretical relevance of the kinetic triplets as a tool for interpreting reaction
mechanism has been questioned [7]. Furthermore their practical relevance in terms
of simulating or predicting reaction progress or reaction rate data are rendered
redundant (during isoconversional analysis) as reaction curve predictions can be
readily obtained from eqgn (2). Figs. 4-8 and 4-9 compares the simulated and
experimental DTG curves for single fuels and blends for the range of heating rates
(i.e. 5-50°C min'l) used in the kinetic analysis. The calculated quality of fit, or
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deviation between the simulated and experimental DTG curves for the single fuels
are shown in Table 4-2. A similar range of deviation values were obtained for the
blends (not shown). The fit values obtained were generally less than 2% and
compared favourably to those resulting from conventional model fitting approaches
found in previous reports [38,40,41]. Branca et al. [40] employed multi-heating rate,
multi-component model fitting on wood devolatilization, and obtained fits ranging
from 3-26%, using a 1, 2, and 3 independent parallel reaction model. However,

Gronli et al. [41] obtained better fits ranging from 0.6-2.2% by using a 5 parallel

reaction model.

\,S\910
S 910

|8\ D\Q

Figure 3-8: Experimental and simulated reaction rate curves at 5, 10, 30 and 50°C min™ (Experimental curves

depicted by shaped markers and predicted curve depicted by lines)
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Table 3-2: Deviation between experimental and calculated curves for individual fuels

Heating rate Deviation (%)

(°Cmin™) cC BG cs Coal
5 1.05 1.87 0.26 0.89

10 0.89 1.94 0.36 1.07

20 0.97 0.99 0.50 0.86

30 0.84 1.17 0.52 0.42

40 0.92 1.32 0.28 0.81

50 1.14 1.87 0.66 0.94
Global* 0.40 0.67 0.25 0.33
150 3.28 4.60 3.39 2.78

*Global refers to combined data from 5-50°C min™ heating rates

Another indication of the reliability of the kinetic analysis approach employed in this

paper was the ability to predict reaction progress for heating rates outside the range

used in the analysis. Fig. 4-10 shows good agreement between the predicted and

experimental TG and DTG curves for the individual samples at 150°C min™, which

was 3 times as fast as the quickest heating rate used in the analysis. The deviations

between experimental and predicted curves are also shown in Table 4-2. Reasonable

fits of 2.8-4.6% were achieved, although not quite at the same levels of accuracy as

was obtained for curves simulated within the experimental range of conditions.
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Figure 3-9: Experimental and simulated reaction rate curves for various mix ratios of Coal-BG and Coal-CC

blends at 10°C min™ (Experimental curves depicted by shaped markers and predicted curve depicted by lines)
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Figure 3-10: Experimental and predicted reaction rate curves at 150°Cmin™ based on kinetics obtained at 5-

50°C min’l(ExperimentaI curves depicted by shaped markers and predicted curve depicted by lines)

3.4 Discussions

The experimental results suggested that corn residues (CC and CS) were more
reactive than sugarcane bagasse, and this is likely due to the higher hemicellulose
content in the former (Table 4-1). Of the three main lignocellulosic polymers known
to constitute biomass, hemicellulose is the most reactive as its decomposition starts
at the lowest temperature [42]. For this reason, it is widely accepted that the lower
temperature peak in biomass DTG curves can be ascribed to hemicelluloses, whereas
the higher temperature peak represents cellulose [20,42]. Based on the foregoing, it
can be seen from Fig. 4-1 that the peak representing hemicelluloses had a
comparatively larger size in CC than in BG (for CS both peaks are completely
merged). This observation for CC and BG was supported by the reported composition
of the constituents in the original raw materials (Table 4-1, Refs [11,43]). Similar
conclusions were reached in previous work by the authors using BG and CC samples

sourced from the same region (but different farms) as those used in this work [16].
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The results also showed that despite these observed differences in the biomass
fuels, the overall trend of the devolatilization reaction occurred in a similar range of
temperatures (200-400°C) and had similar maximum devolatilization rates (0.15-0.18
%/s), as depicted by the TG and DTG curves in Fig. 4-1. According to results of the
isoconversional kinetic analysis (Fig. 4-5) the dependence of E on conversion
followed a similar trend for the biomass fuels as well. Apparent E increased from the
start of conversion up to a point about (a=0.5 for BG and a=0.3 for CC and CS) when
it started to decrease. The lower E{a) values at early stages of conversion for the
biomass fuels apparently corresponded to the degradation of hemicelluloses, since
according to the literature, apparent activation energy for hemicelluloses (80-116 kJ
mol™?) is usually lower than for cellulose (195-286 kI mol™)[40]. Based on the
foregoing, the lower E values at low conversion for BG compared to CC and CS (Fig.
4-5), suggested that hemicelluloses in BG are apparently of a less reactive type than
that found in the corn residues. This was consistent with the observation by
Shafizadeh [44] that the nature of hemicellulose is known to vary significantly
between different biomass types. Lignin, with activation energy known to range from
18-65 kJ mol™ [40], decomposed throughout the duration of pyrolysis over a much
wider temperature range. It was mainly responsible for the later part of conversion
after polysaccharides have decomposed, as represented by the long tail in the DTG
curves at temperatures above 400°C (Fig. 4-1). The lower activation energy of lignin
may have caused the relatively low activation energy values observed at higher

conversion in Fig. 4-4.

Unlike model fitting approaches, the model-free kinetics allows for the relationship
between apparent activation energy and conversion to be observed by way of the
E(a) curves shown in Figs. 4-5, 4-6 and 4-7. The degradation trend for coal, as
represented by the E{a) values in Fig. 4-4, were distinctly different from the biomass
fuels. The average apparent E value for coal between 0.1 and 0.8 conversion was
close to 250 ki mol™, compared to 163 kJ mol™ to 183 kJ mol™ for the biomass fuels,

which was consistent with previous reports [21,45].

77



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

Comparing the E(a) results for individual feedstocks (Fig. 4-5) and their blends (Figs.
4-6 and 4-7), the effect of blending on the variation in apparent E{a) trends could be
identified. There was little difference in the E{a) trends for much of the conversion
range corresponding to the decomposition of the biomass fraction of the blends
compared to the E(a) trend for devolatilization of biomass alone. However towards
the end of conversion associated with biomass decomposition (@>0.3, 0.5 and 0.7 for
90:10, 80:20 and 60:40 mix ratios respectively), a more significant variation of E{a)
could be observed. Consequently, the calculated deviation in E for the range of
conversion under which coal decomposes (7.2-8.4% in Coal-BG blends and 6.4-14.5%
in Coal-CC blends) was higher than the deviation in E{a) observed during individual
coal pyrolysis (4.6%). This suggests that there may be some reactions between coal
and devolatilized biomass vapours — already present when coal decomposition

started — which would not have occurred when coal was reacted individually.

The presence of synergy, or interactions between the coal and biomass fractions
during co-pyrolysis, was confirmed by the higher than expected volatile yields (dry
and ash free basis) of between 7-12% as the biomass fraction in the blend was
increased from 10-50 wt% (Fig. 4-3). This finding contradicted previous reports
indicating the absence of synergistic interaction between biomass and coal during
co-pyrolysis [20-23], but confirmed more recent results of Ulloa et al. [24] and
Haykiri-Acma et al. [25]. The exact mechanism by which interactions between coal
and biomass causes synergistic behaviour during co-pyrolysis is not very clear [46]. It
has been suggested that increased volatile yields or synergy may be due to inorganic
matter in coal and biomass chars, which catalyses demethoxylation reactions. This
causes an increase in the production of methoxyphenols which under normal
conditions repolymerize to form char. However in the presence of aliphatics found in
evolved coal volatiles, the methoxyphenols are thought to undergo secondary
reactions that produce volatiles instead [24]. On the other hand, significant volatile
release from coal only starts at temperatures greater than 400°C (Fig. 4-1) therefore
the above mechanism does not fully account for the synergistic behaviour observed

in Fig. 4-4 which occurred between 300-500°C. In hard coals, the main reactions
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occurring below 350°C are due to the distillation and diffusion of small molecules
trapped in the narrow pore structure of coal [47]. This is closely followed by the
cracking of the coal’s aromatic ring structure and the formation of CHz*, CH3*, OH"
and O radicals groups, which recombine to form either char (via repolymerisation)
or volatiles such as methane water vapour and tar [47,48]. The presence of hydrogen
during this process significantly favours the formation of volatiles over char
production by partially saturating the radicals thereby preventing recombination
reactions [46,49]. Biomass has a higher H/C ratio than coal (Table 4-1), therefore
another explanation for synergy could be the increased availability of hydrogen

around the coal particles during co-pyrolysis.

It is also important to note that the level of synergistic behaviour as indicated by the
disparity between experimental and calculated volatile yields in Fig. 4-3 was not
linearly dependent on the amount of biomass in the blends. The level of synergy
increased as the biomass fraction of the blends increased up to a certain point — 40
wt% for BG and 30 wt% for CC — beyond which further addition of biomass did not
lead to a corresponding increase in the severity of synergistic behaviour. A similar
kind of inflection point was observed by Cao et al. [50] in their study of polycyclic
aromatic hydrocarbons (PAHs) production from the co-pyrolysis of waste tyre and
wood. It was deduced that this was due to competition between oxygenates (such as
phenols, alcohols and ketones) and PAH production from biomass derived free
radicals. As the availability of these radicals increase (due to addition of biomass),
the balance between this two competing reactions shifts towards the production of
oxygenates causing a reduction in PAH yields [50,51]. It is possible that a similar sort
of balance exists between reactions that favour overall char and volatile production
during the co-pyrolysis of biomass and coal. Further studies will be required to
confirm and determine the exact nature of the synergy, based on the alternatives

presented here.
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3.5 Conclusions

The thermokinetics of the co-pyrolysis of two different types of coal biomass blends
have been investigated via non-isothermal thermogravimetric analysis. The
individual devolatilization behaviour of each of the fuels used — coal, sugarcane
bagasse and corn residue — were compared with the behaviour of coal-biomass
blends in order to identify synergistic behaviour that point to the existence of

chemical interactions between the coal and biomass fraction of the blends.

The devolatilization of the biomass materials occurred in a narrow temperature
interval (200-400°C) and with higher decomposition rates than coal, of which the
decomposition occurred between 380-900°C. Isoconversional kinetic analysis
revealed the dependence of apparent activation energy on conversion, E£(a), from
which very good predictions of reaction progress could be obtained for both
individual samples and blends. The study also revealed that adding biomass to coal
caused about 7-11% higher volatile yields (on dry and ash free basis) than would be
expected assuming a purely additive behaviour and that much of this increase was
due to synergistic interactions that occurred mainly between 300°C and 500°C. Co-
pyrolysis also caused higher variability in E(a) values for the coal fraction of the
blends compared to what was observed when the fuels were pyrolyzed separately,
which provides further evidence of non-additive or synergistic behaviour during the
co-pyrolysis process. It can also be concluded that the model-free method is a good
approach for evaluating the kinetics of solid fuels and their blends. The method
allows for changes in apparent E during conversion to be clearly observed, such that
abnormal variations caused by chemical interaction between components of the
blend can be detected. The method also gives comparably reliable predictions of

reaction rates compared to the more traditional model fitting kinetic approaches.
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4 Model fitting Kinetics of the co-pyrolysis of coal

blends with corn and sugarcane residues

Submitted to Thermochimica Acta in July 2011 using the following details:

Title: “Model fitting kinetic analysis and characterisation of the devolatilization of coal
blends with corn and sugarcane residues”

Authors: Akinwale O. Aboyade®®, Johann F. Gérgens® Marion Carrier?, Edson L. Meyer®,
Johannes H Knoetze?,

’Department of Process Engineering, Stellenbosch University, Stellenbosch, South Africa
®Fort Hare Institute of Technology, University of Fort Hare, Alice, South Africa

In this chapter, single and multi-component model fitting was used to determine the
pyrolysis reaction kinetics of coal, corn cobs, and sugarcane bagasse, as well as
blends of coal with each of the biomasses based on the same TGA data used in the

previous chapter for model free analysis.

4.1 Introduction

Existing industrial scale thermochemical conversion processes are currently almost
entirely coal based [1]. However, there has been a growing interest in combining the
current coal feedstock with biomass and wastes, as a way to harness the energy
potential of biomass fuels, while avoiding the cost of dedicated biomass plants.
Recognizing that devolatilization is a fundamental step in all the main
thermochemical conversion processes such as pyrolysis, combustion and gasification,
has led to increased research focus on the pyrolysis kinetics of coals, biomass and
their blends. Various procedures for evaluating devolatilization kinetic parameters of
solid fuels from data derived from non-isothermal thermogravimetric analysis (TGA)
have been developed, and the vast majority of them can be classified as either
‘model-free’ or ‘model-fitting’. The conventional approach for estimating kinetic
parameters (activation energy, pre-exponential factor and reaction order) from TGA
data via model-fitting analysis usually involves assuming a certain reaction order, and
then manipulating the differential or integral form of the ensuing rate equation until
a straight line plot can be obtained from where the remaining unknown parameters

can be obtained by linear regression. Examples of this method are those due to
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Coats and Redfern [2], Freeman and Carrol [3], and Duvvuri et al. [4]. However, it is
widely recognised that these approaches suffer from two main deficiencies,
particularly in cases where data from only a single heating rate is applied [5,6]: i) it
can often yield different values of the kinetic parameters describing the same
thermogravimetric curve, leading to an ambiguity in terms of interpretation of the
results; ii) it generally tends to yield one set of kinetic parameters for the whole
range of conversion, therefore not taking into account the complexity of
mechanisms involved during pyrolysis of plant biomasses. More recently, due to
increased availability of low-cost computing power, a more complicated but more
accurate method involving non-linear least squares optimization of multiple heating

rate data has been increasingly considered [7,8].

Model fitting kinetics of biomass materials is traditionally based on the assumption
that pyrolysis weight loss occurs via a 1* order decomposition process which is
modelled either as a single reaction, or as the weighted summation of multiple
pseudo-mechanistic reactions representing decomposition of the main reactive
constituents of biomass namely cellulose, hemicellulose, lignin and extractives [9-
11]. While kinetic parameters derived in this way allow reasonably accurate
simulations and predictions of experimental data, other reports have shown that
even more accurate simulations can be achieved by n'" order modelling where, the
reaction order is not confined to any particular value, but is rather considered as one
of the unknown parameters to be optimized [12,13]. The pyrolysis kinetics of coal is
more frequently analysed using either the n" order or distributed activation energy
model (DAEM) [14]. The DAEM is a form of the multi-component n'" order reaction,
where it is assumed that the reactivity distribution is represented by a set of parallel
(usually 1** order) reactions each with its own activation energy but a common pre-
exponential factor [14,15]. The activation energy is expressed as a continuous
distribution function, more frequently of a Gaussian type, although Weibull and

Gamma distributions have been employed as well [14].
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A number of studies are available where the model fitting approach was applied to
the kinetics of coal-biomass blends. Biagini et al. [16] combined a DAEM for coal with
a 3 pseudocomponent 1° order reaction model for the biomass to predict reaction
curves of the blends. Vamvuka et al. [17] on the other hand employed multi-
pseudocomponent 1°* order models for both coal and biomass, assuming 5 and 3
pseudocomponents respectively. Both studies indicated that reasonable visual fits
could be obtained between predicted and experimental rate curves, but did not
provide quantitative values of the fit quality. Rather than use the individual kinetic
parameters of the coal and biomass components to predict behaviour of the blends,
Vultharu et al. [18] calculated separate kinetic parameters for the blends and the
contributing coal and biomass components using linear regressions of single nth

order reaction models.

On the question of synergistic interactions between the reacting coal and biomass
during co-pyrolysis, all the aforementioned studies concluded that no such
interactions exist and that the components behaved in the same manner as when
pyrolyzed alone. However Hayciri-Acma et al. [19], Ulloa et al. [20] and Aboyade et
al. [21] have challenged this view, showing that there are indeed significant
interactions between the coal and biomass fractions during TGA co-pyrolysis. This
assertion is also supported by results of non-TGA co-pyrolysis experiments were the
influence of blending ratio on the yield of specific volatile products was investigated
[22-25]. There are a few possible mechanisms by which interactions between coal
and biomass may cause synergistic behaviour during co-pyrolysis [23]. It has been
suggested that increased volatile yields or synergy may be due to inorganic matter in
biomass, which promote demethoxylation reactions, which in turn combines with
the aliphatics found in coal derived volatiles, thereby causing increased occurrence
of volatile producing secondary reactions [20]. Another explanation for the increased
volatiles could be the effect of the increased presence of hydrogen arising from the
higher H/C ratio in biomass. Hydrogen may prevent repolymerization and cross-
linking of free radicals that increase char formation consequently leading to the

formation of more volatiles instead [23,24].
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The present work investigates the devolatilization behaviour and kinetics of
individual samples and blends of hard South African coal, corn cobs and sugarcane
bagasse. It is a continuation of a previous effort involving model-free analysis of the
same data [21]. This is in keeping with recommendations from the Kinetics
Committee of the International Confederation for Thermal Analysis and Calorimetry
[26], that model fitting analysis be performed to supplement model-free approaches,
especially where there is significant variation of model-free derived kinetic
parameters with conversion, which was the case for the materials under
investigation in this work [21]. Model fitting was achieved via non-linear
optimization of multiple independent parallel 1% and n™ order reaction models.
Parameters obtained from the previously conducted model-free analysis were used
as first estimate as part of the optimization procedure. Results of the 1°* and nth
order fitting procedures were compared with each other and with values obtained

from the model free approach.

Table 4-1: Proximate, Ultimate and biochemical (biomass only) characteristics of feedstock samples

Properties BG [18] CC [18] CcS Coal [18]
Ultimate analysis (wt%, daf)

C 51.9+0.6 50+0.5 49.9+0.5 79.1+0.8
H 6.910.1 6.610.1 7.1+0.1 5.240.1
N 0.410.0 0.210.0 0.940.0 1.9+0.1
S 0.510.0 0.410.0 0.320.0 1.8+0.1
o* 40.5+0.5 43+0.5 42.1+0.5 12.240.2
HHV (MJ/kg) 16.610.2 18.0+0.2 13.240.1 79.1+0.8

Proximate analysis (wt%)

Moisture 6.710.1 7.0£0.1 6.910.1 4.0£0.1

Ash (db) 10.3+0.1 1.6:0.1 24.5+0.1 38.6+0.2
Volatiles (daf) 91.7+0.3 84.310.3 84.1+0.3 31.7+0.1
Fixed carbon (daf) 8.3%0.1 15.7+0.1 15.9+0.1 68.3+0.3

Lignocellulosic composition (wt%, daf)

Cellulose 44.2+0.6 35.9+0.8 34.0+0.5
Hemicellulose 23.840.4 38.1+0.8 26.8+0.8
Lignin 22.410.3 16.7+0.2 20.1+0.4
Extractives and others 9.7+0.6 9.5+0.8 19.2+0.8

*QObtained by difference; db=dry basis; daf=dry and ash free basis
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4.2 Material and methods

Samples and experimental methods used in this chapter were the same ones
presented in the previous chapter (section 4.2.1) and will not be repeated here. The
results of the ultimate and proximate analysis for the samples used, as well as the

biochemical characteristics of the biomasses are reproduced in Table 5-1.

4.2.1 Kinetic analysis
The kinetic analysis of the thermal decomposition of solid fuels is usually based on

the rate equation for solid state decomposition processes [7,33,34];
da E
= = Aexp|-=|f(@) (1)

where f(a) is the reaction model. Conversion, a, is derived from the equation
a = (my —m)/(my —my) where mp and my are the initial and final mass in the

non-isothermal temperature range used for the analysis [21].

Data from 5, 10, 20, 30, 40, and 50°C min™* were fitted simultaneously to 1°* and nth
order reaction model via non-linear least squares optimization. In selecting the data
points to fit, 200 evenly spaced representative points were extracted for each
experimental run according to the recommendation by Caballero and Conesa [8].
This was done by normalizing the total variation in both temperature and TG/DTG
axis (units of measure in both axis range between zero and one), and then choosing
the points such that length of the arc or curve between two consecutive points is
constant, using an adaptation of the curvspace syntax in MATLAB [35].
Devolatilization was assumed to proceed through multiple independent parallel
reactions corresponding to the assumed number of pseudocomponents that make
up the sample [7,11,15]. The term pseudocomponent refers to a group of reactive
species that exhibit similar reactivity e.g. cellulose, hemicellulose, lignin for biomass

[7]. Under this scenario equation (1) becomes;
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L= n = i exp |- 2 £ 2)

where y; is the contribution of pseudocomponent j to the total mass loss. Eqn (2) can

be rearranged after substituting dt with d7/8 (where 8 is the heating rate), and

a Ta
da A _E
Fer E yi;[ro exp (= £2) ar @)

The temperature integral in eqn (3) takes the following form

integrating as follows

Ta o]
EN g Ei[expix) [T exp (-xp)
f €Xp (_E) dT = RT [ Xi L X dxl (4)

where x; = E;/RT. Eqn (3) can then be solved for an n™ order model, i.e. fla)=(1-

a)" as follows;
_r
A -n;
@ =1-[1--n)2IE D] (5)

I(E;, T) represents the temperature integral function defined in eqn (4). Eqn (5) is only
true for n # 1 and to perform 1% order modelling, one approach is to solve eqgn (3) for
fla)=(1- a). The alternative approach which according Burnham and Braun [14] gives
equivalent results is to use n = 1.0001 in eqgn (5). This latter technique was adopted
in this study. Optimization was conducted by multidimensional non-linear
regression, which involved searching for values of A;, E;, n;, and y; that minimized the

objective function given in eqgn (6).

F= 211321 7i1 [(%)exp Bl (Z_(:)calc]z (6)

where da/dt,,, and da/dt.,. stand for the experimental and calculated TG curves
respectively for N; data points in each of Ny experiments conducted at varying

heating rates. Differential data was chosen for optimization as it magnifies the
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features and peaks of TG curves [7]. Initial estimates used were obtained from
previously conducted model-free analysis of the same samples [21]. The deviation
between the predicted and experimental curves, or quality of fit (QOF) for each
heating rate is given by eqn (7). A global QOF was also calculated for the combined

data across all heating rates by replacing N; in eqn (7) by the product of N;and N.

(), ... / o

QOF(%) =100 x ¥, — Max | % (7)

i dt lgxp

4.3 Results and Discussions

4.3.1 Single fuels

Fig. 5-1 shows the non-isothermal mass loss (TG) curves for BG, CC, and Coal single
fuels at 10°C min® under an inert atmosphere. The figure also includes a
temperature versus time plot, on which the temperature program used in the
analysis is illustrated. The initial small reduction in mass just before the beginning of
the dynamic section of the time/temperature plot could be attributed to the
demoisturization of the samples. Because the kinetic modelling in this paper is based
on non-isothermal kinetics, all analysis henceforth will be focused on the
temperature range corresponding to the non-isothermal (or dynamic) region of the
plot in Fig. 5-1. A background description of the experimental TG and DTG curves of

the single fuel samples can be found in Section 4.3.1.1.

Table 5-2 shows the kinetic parameter values for the slow pyrolysis of single biomass
and coal fuels obtained via 1° and n'" order model-fitting. Model fitting for biomass
data was done based on the assumption of 1, 3 and 4 parallel reactions, while coal
was modelled based on the 1, 3, 4 and 5 component approach, with the number of
pseudocomponents corresponding to the number of assumed independent reactions
occurring in parallel. Table 5-3 shows the quality of fit (QOF) values for each heating
rate employed in the analysis, as well as global QOF for all the heating rate data (5-

50°C min™) combined. Graphical illustrations of DTG fits obtained from 3- and 4-
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pseudocomponent, n" order modelling for biomass are shown Fig. 5-2 while Fig. 5-3

shows results of the analysis for coal based on 3-, 4-, and 5- pseudocomponent, nt"

order fitting.
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Figure 4-1: DTG curves of individual fuel pyrolysis at 10°C min-1(dotted lines represent sample TG and DTG

curves while unbroken line in 1a shows the time-temperature profile)

Under the single component assumption (i=1), the quality of fit between
experimental and simulated reaction rate curves (Table 5-3) was relatively poor for
the biomass fuels (global QOF = 4.5-6%) and slightly worse for coal (7-10%). On the
other hand global QOF values of just over 1% were achieved for the 3
pseudocomponent models (i=3) for biomass. Further increasing i for the biomasses
from 3 to 4 gave slightly better fit values for all single fuels via both 1** and n™ order
analyses. Using multi-component analysis for coal led to similar improvements in
QOF values compared to the single component fitting. Going from i =1toj =3

resulted in a corresponding enhancement of QOF values from 4.7 to 3.0% for the 1*
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order model and 6.7 to 2.2% for " order modelling. However, only by fitting with i =
5 and higher could the fit qualities in coal match values observed for the biomass
fuels. Higher i values required considerably longer computation times and did not
result in remarkable improvements in fit quality, hence there was a risk of overfitting
[36]. Consequently, discussions from here on will focus mainly on results of 3
pseudocomponent fitting, as the QOF values it produced were considered
satisfactory. Additionally, the assumption of 3 parallel reactions is consistent with

generally accepted decomposition mechanisms for biomass [9-11] and coal [15].

Table 5-3 shows that fit quality deteriorates with decrease in heating rates. For
instance, the QOFs at 5°C min™ and 10°C min™ were usually significantly higher than
those at 40 and 50°C min™’. This observation can also be visualized in Figs. 5-2 and 5-
3. The higher disparity between experimental and simulated peaks at 20°C min™
compared to 40°C min™ were a consequence of the simultaneous fitting of multiple
heating rates which often resulted in poorer fits for slower heating rates. A similar
trend was to some extent observed by Branca et al. [9]. The reason for this trend is
proposed as follows; biomass and coal are complex materials consisting of more
components than can be practically represented in kinetic models. For instance each
of the hemicelluloses, cellulose and lignin sub-components are in turn made up of
numerous other simpler components [37]. In general, this means that the greater
the number of components assumed during multi-component kinetic analysis, the
better the quality of the fits obtained. This is particularly true for lower heating rates
where there is likelier to be a better separation of the individual component
reactions [38]. Consequently, analysis of slower heating rates requires more
pseudocomponents to achieve the same level of fit as faster heating rates. As Table
5-3 shows, the gap between the QOF at 5°C min™ and higher heating rates tends to

reduce as the number of pseudocomponents increases.
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Figure 4-2: Simulated reaction rate curves for BG and CC based on nth order model for 3- pseudocomponent

(plots a and b) and 4-pseudocomponent (plots c and d) fitting.
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In order to assess the effect of changes in the fitted kinetics parameters on the
quality of fit of simulated curves, a sensitivity analysis was conducted for the
3component, nth order modelling as shown in Table 5-4. Each parameter E;, A; n;
was changed by + 25% and +50% from its optimized value (Table 5-1), and the

sensitivity was calculated as;

| % change in global QOF

S = —
|% change in the specific parameter

Table 5-4 shows that apparent E; was the most sensitive parameter, whilst reaction
order was the least sensitive. This was in agreement with results from Kuofopanos et
al [54]. This also corresponds to observations by Vyazovkin on the relative

importance of apparent activation energy in the interpretation of thermal kinetics.

Table 4-4: Sensitivity analysis for parameters obtained from 3-component nth order modelling

S
% change in E; BG cc Coal
50% 34.49 62.44 64.78
25% 65.67 119.98  119.40
-25% 70.94 12480 102.97
-50% 33.93 59.81 64.08
% change in A,
50% 8.58 10.59 4.26
25% 8.56 10.14 3.05
-25% 10.82 13.86 5.23
-50% 13.41 18.32 9.26
% change in n;
50% 4.16 7.07 8.63
25% 4.17 7.01 7.76
-25% 3.67 5.21 9.35
-50% 1.84 2.60 17.25

In all samples and for all values if i, it was clear that n™ order modelling produced
simulations with better fits than 1** order models. This would suggest therefore that
the former is a more reliable representation of the pyrolysis behaviour of these
materials. However, n" order fitting (for i>1) of biomass still yielded reaction order
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values close to 1 for components-1 and -2, which represents the bulk total
conversion (Table 5-2). This suggests on the one hand that the 1** order model used
in many biomass studies [9-11] is indeed not an unreasonable approximation of the
devolatilization kinetics of biomass fuels. On the other hand, it highlights the utility

of the n'" order model in determining unknown reaction orders.

Table 5-2 further shows that a similar range of kinetic parameters and reaction
orders were found for both BG and CC suggesting that both materials exhibit similar
devolatilization behaviour. The 3 pseudocomponent model is consistent with the
theory that biomass decomposition behaviour approximates to a combination of the
decomposition trends of its three major lignocellulosic components namely,
cellulose, hemicellulose and lignin [9—11]. Fig. 5-2 shows the simulated reaction rates
for the various pseudocomponent fractions of BG and CC resulting from n" order
modelling. For BG, component-1 reacted mainly between 300 and 400°C, as
indicated by the location of the peak shoulders (Fig. 5-2a) and can be attributed to
cellulose which is known to decompose within that temperature range [39].
Component-2 started to decompose at a lower temperature but over a slightly wider
range (220-360°C) and for similar reasons as component-1, can be attributed to
hemicellulose and extractives decomposition [39,40]. As Fig. 5-2 also shows, the
peaks attributed to cellulose and hemicellulose overlapped to a greater degree for
CC than for BG. Kinetic parameters obtained from 1** and n™ order analysis for the
first two components (corresponding to cellulose and hemicellulose) were consistent
with values found in previous reports for these components; activation energy for
cellulose pyrolysis is generally reported as falling between 192 and 250 kJ mol™ and
for hemicellulose it is in the 154—200 kJ mol™ range [9,41]. There are a number of
other studies on the pyrolysis kinetics of pure cellulose and hemicellulose that
confirm these values [32,42,43] even though it is recognized that the processes
involved in separating these substances might alter their structure and thermal

behaviour.
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The third component in both BG and CC decomposed throughout the pyrolysis
temperature range (200-500°C) and is customarily attributed in part to lignin, which
exhibits a similar behaviour [44,45]. Activation energies calculated from 1° order
modelling was 51 and 43 kJ mol™ for BG and CC, respectively, which are consistent
with often quoted activation energies for pure lignin devolatilization in previous
reports similarly based on 1°' order models (18-65 kJ mol™ [9,41]). However, higher E
values (95 and 100 kJ mol™ for BG and CC, respectively) and reaction orders (2.4 and
4.5 for BG and CC) were obtained from the more accurate n™ order modelling. The
reaction order is a partial reflection of the width of the reaction rate curve [14],
therefore the relatively high reaction orders obtained for component-3 is consistent
with the much wider spread of its peak (Fig. 5-2). The fractional contribution of
component-3 to total conversion (y3), was 32% and 36% for BG and CC, respectively,
which was significantly higher than the determined lignin content for both materials
shown in Table 5-1 (22.4% and 16.7%, respectively). Therefore, it is likely that
component-3 represents a combination of lignin and some of the hemicellulose that
was not already accounted for in component-2 as previously observed by Branca et
al. [9] and Caballero et al. [42]. It can also be envisaged that 3 component also
included the decomposition of extractives and other compounds which as Table 5-1
shows account for about 10% of both CC and BG [40]. On the other hand, it is equally
possible that component-3 is a reflection of a combination of lignin and some of the
cellulose as noted by Cordero et al. [46] and Worasuwannarak et al. [47]. The result
suggests that this method of analysis is not particularly suitable for determining
lignocellulosic composition of biomass, in contrast to the observations by Garcia-
Perez et al. [40]. A similar comparison of the contributions of component 1 and 2, to
the measured cellulose and hemicelluloses composition shown in Table 5-1 further
emphasizes this point. The respective percentage contributions of component-1 and
component-2 to the global devolatilization rate curve for BG is 45% and 23%, while
for CC it is 40% and 24%. However, Table 5-1 shows cellulose and hemicelluloses
composition for BG as 44.2 and 24%, and for CC as 36% and 38%, respectively. This
shows that while the BG composition for cellulose is well represented by the kinetic

analysis results for component-1, there is significant disparity between the measured
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compositional values and the kinetically derived contributions of the other
pseudocomponents. This further suggests that for CC, component-3 could be made
up of a combination of parts of the cellulose and hemicelluloses fraction of the
sample, whereas for BG cellulose can be ruled out as a contributor to component-3.

It is more difficult to compare pre-exponential factor (A) values as even the slightest
changes cause variations typically up to 10 orders of magnitude. Hu et al. [13]
reported A values corresponding to the cellulosic and hemicellulosic
pseudocomponents as ranging between 4.2 x 10*-5.0 x 10** and 4.86 x 10%-2.1 x
108, respectively. While the corresponding values obtained for CC and BG in this
study both lie within this range (Table 5-2), it has been argued that the variation
inherent in A values are too large for any meaningful analysis, leading to
recommendations that interpretative efforts should be focused on the value of E as

it is more ‘stable’ [5].

Similar to biomass, coal decomposition rates could also be satisfactorily described by
assuming 3 pseudocomponents, in accordance with the model by Alonso et al. [15],
based on the description of coal pyrolysis mechanisms by van Heek and Hodek [48].
It was observed that the three pseudocomponents could be ascribed to
macromolecular reaction steps that occurred between 400-450°C, 500-550°C, and at
approximately 700°C. The first two steps corresponded to the release of tars and
gases, while the third was attributed to the completion of the structural breakdown
of the coal sample, coupled with char formation and the release of methane and
carbon monoxide [15]. Simulations derived from 3 pseudocomponent fitting in the
present study were consistent with these coal pyrolysis mechanisms, since the
aforementioned temperature ranges corresponded to the position of the peaks of
the simulated coal fractions shown in Fig. 5-3. Activation energy values calculated via
the 1st order model for coal ranged from approximately 65 to 225 kJ mol™%, which
was more or less in the same range of activation energies obtained for the biomass
fuels using the same 1st order model (Table 5-2). This result was contrary to the view
that biomass is a significantly more reactive fuel than coal, due to denser and more

heat resistant structure of the latter [17]. Biomass macromolecules are linked
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together by relatively weak R-O-R bonds with energies in the 380-420 kJ mol™ range,
in contrast to coal where bond energies are as high as 1000 kJ mol™* [49]. Besides, the
coal used in this study is mainly composed of primarily inertinite macerals which are
known to be one of the least reactive types of coal [15]. In theory, therefore, it
should be expected that the activation energy values for coal should be higher than
biomass. Activation energy is known to be linearly correlated to the pre-exponential
factor via the artificial isokinetic relationship [15] such that high E values generally

corresponded to relatively high A values for both coal and biomass (Table 5-2).

Compared to 1* order results, a significantly higher range for E was obtained from
n order modeling (150-380 kJ mol™), along with higher reaction orders ranging
from 2.8-4.4 for the 3 pseudocomponents of coal (Table 5-2). These range of E values
are more consistent with results from previous studies obtained via DAEM and nt
order techniques [14,50] and can be considered more reliable than the 1% order
assumption. This view is further corroborated by the observation that n™ order
fitting yielded simulations with better quality of fit than 1* order (Table 5-3). The
disparity between the 1* order and n" order E results was likely due to a previous
observation by Burnham and Braun [14] that when reactions mechanism with orders
greater than 1 that are force fitted to 1°' order kinetic model, there is a tendency to
obtain activation energy values lower than the true mean value. As Table 5-2 shows,
unrealistically high reaction orders are frequently obtained during nth order fitting
for both coal [14] and biomass fuels [12,13] which limits the physical significance of
the results. However, as observed by Vyazovkin [26] and White [11], the Arhenius
based kinetic evaluation of complex heterogenous solid state processes (such as coal
and biomass pyrolysis) are of limited theoretical relevance to start with. The main
purpose in the global kinetic analysis of pyrolysis lies in its practical use in the design

of reactors [7,26].

The kinetic results obtained via model fitting could be compared with those obtained
via isoconversional methods applied to the same dataset [21], within the limitations

and differences of the two approaches; model fitting methods yielded a single
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activation energy value for the whole conversion process for the sample or its
pseudocomponents, while the isoconversional method has a functional dependence
of E, on conversion [51,38]. Nevertheless, the activation energies obtained by nth
order model-fitting compared favourably to those obtained from isoconversional
analysis, which yielded slightly lower average apparent E values of 174 kJ mol™ for
BG compared to 184 kJ mol™ for CC, in the 0.2-0.8 conversion range [21]. Similarly, as
Table 5-2 shows, the values of E derived from model fitting for BG (95-210 kJ mol™)
was lower than for CC (100-216 kJ mol™ ) based on both 1 and 3-pseudocomponent
models. In a similar manner, the E values for coal derived via both model-free and
model fitting methods was higher than for the biomass fuels. Both methods show
reasonable fit qualities, although the QOF values obtained by the model-free were
slightly better (<2%) than the model fitting methods whose fits ranged from 1-6% for
heating rates between 5 and 50°C min™. The same trend was observed when
predicting reaction rates at heating conditions outside the range used in the kinetic
analysis. The global QOFs for the n order predictions at 150°C (based on the 3
pseudocomponent assumptions) were 5%, 3.3%, and 5.7% for BG, CC and coal
respectively. Model-free analysis for the same samples gave slightly better fits at 4.6,

3.3 and 2.8%, respectively.

4.3.2 Blends

Fig. 5-4 shows the TG/DTG curves of coal-BG and coal-CC blends at various mix ratios
obtained at a heating rate of 50°C min™. At all mix ratios, peaks corresponding to
biomass and coal fractions of the blended fuels maintained essentially the same
shape and position on the temperature axis as was observed during individual
pyrolysis. This is consistent with observations by Bonelli et al. [52], Idris et al. [53]
and Ulloa et al. [20] based different types of coals and biomasses. However, blending
affected the peak height or maximum reaction rate of the section of the curves
corresponding to both coal and biomass; increasing the biomass fraction in the blend
caused an increase in the maximum devolatilization rate of the peaks representing
coal, while reducing the maximum devolatilization rates of peaks corresponding to
biomass. Further description of the TG and DTG curves for the coal-BG and coal-CC
blends can be found in Section 4.3.1.2.
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The kinetic analysis of blends was approached in two ways. The first was to subject
the blends to the same type of model fitting analysis as the individuals fuels, based
on n'" order parallel reactions. In this manner, reasonable fits could be achieved by
assuming 6 pseudocomponents (i=6), corresponding to 3 parallel reactions each for
coal and biomass fraction of the blends. Parameters obtained for the individual
pyrolysis of coal and biomasses (Table 5-2) were used as initial estimates for the
optimization procedure. During fitting, a linear constraint was applied to ensure that
the relative mass contributions of the pseudocomponents corresponding to biomass
fraction in the blends (y; to y3 ) was not less than the calculated contribution of
biomass to volatile yield, based on weighted averages. For coal-BG blends, the
fractional contribution of biomass to the volatile yields at 90:10, 80:20 and 60:40
sample mix ratio was thus 0.33, 0.53 and 0.75 respectively, while for coal-CC it was

estimated as 0.32, 0.52 and 0.74, respectively.
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Figure 4-4: DTG and TG curves of various mix ratios of Coal-BG and Coal-CC blends obtained at 50°C min™

The kinetic parameters thus obtained are shown in Table 5-5 for the coal-biomass

blends at 90:10, 80:20 and 60:40 mix ratios, while the QOFs between simulated and

experimental curves are shown in Table 5-5. Fig. 5-5 shows the plots of the simulated

and experimental reaction rate curves (at 90:10 mix ratio) based on the kinetic data

presented. Compared to the results of the individual pyrolysis (Table 5-2), apparent

activation energy values for the pseudocomponents ascribed to cellulose,

hemicelluloses, and lignin (component-1, -2, and -3) differed only slightly at 207-209,

183-189 and 101-105 kJ mol™* respectively for BG and 210-216, 189-191, and 103-

106 kJ mol™ for CC. There was no clear correlation between mix ratio and the

deviation between these parameters from those observed for the contribution of

the single fuels. The same trend could be observed for the other kinetic parameters,

i.e. reaction order and pre-exponential factor.
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Table 4-5: Kinetic parameters obtained from 6-pseudocomponent, nth order model fitting of coal biomass
blends based on multiple heating rate DTG data (5, 10 and 50°C min'l). Given wt% represents percentage of
biomass in the blends

Coal-BG Coal-CC
10wt% 20wt% 40wt% 10wt% 20wt% 40wt%
E; (k) mol™) 209.4 209.6 207.5 215.5 212.8 210.3
A; (min?) 1.4E+17 1.7E+17 1.2E+17 4.4E+18 2.5E+18 1.6E+18
n, 1.0 1.0 1.0 1.0 1.0 1.0
A 0.15 0.24 0.34 0.05 0.06 0.13
E, (k) mol™) 191.3 184.6 182.9 189.2 189.8 191.2
A, (min™) 1.1E+17 3.4E+16 2.7E+16 9.8E+16 1.2E+17 2.3E+17
n, 1.3 1.2 1.2 1.2 2.1 2.1
Y2 0.05 0.09 0.12 0.10 0.34 0.41
E; (kJ mol™) 101.8 101.1 104.8 105.6 102.7 102.8
A; (min™) 5.4E+08 6.1E+08 1.8E+09 2.0E+09 4.5E+09 3.9E+09
ns 33 3.4 2.6 2.0 4.9 5.8
A 0.21 0.27 0.31 0.21 0.16 0.27
E, (k) mol™) 256.1 255.4 260.8 253.1 255.4 253.0
A, (min™) 3.1E+18 2.7E+18 7.1E+18 2.2E+18 3.3E+18 2.6E+18
n, 5.4 5.3 5.3 5.6 5.8 4.3
A 0.35 0.23 0.14 0.39 0.28 0.11
Es (k) mol™) 154.2 152.7 157.0 153.9 161.6 165.1
A; (min™) 3.3E+09 2.7E+09 5.9E+09 3.8E+09 9.9E+09 3.0E+10
ns 2.9 2.8 2.8 3.0 31 2.2
Vs 0.18 0.12 0.06 0.19 0.11 0.06
Es (k) mol™) 417.3 404.8 390.5 416.8 423.4 390.2
A¢ (min™) 3.0E+22 9.3E+21 2.8E+21 2.7E+22 7.5E+22 3.7E+21
Ne 2.8 33 3.8 3.1 3.2 3.9
Yo 0.07 0.05 0.03 0.06 0.04 0.03

The most significant deviation between the behaviour of these pseudocomponents
in single fuel pyrolysis and blend co-pyrolysis was observed for the 3rd coal
component. Apparent activation energies for the group of reactions represented by
this pseudocomponent increased in a similar way for both coal-BG and coal-CC
blends from 377 ki mol™ to between 390-417 kJ mol™. According to Alonso et al.
[15] this component corresponded to secondary char, methane and carbon
monoxide formation. Table 5-5 also reveals higher total y values for the biomass
fraction of the blends (0.41, 0.65 and 0.84 for coal-BG blends; 0.45, 0.62, and 0.81

for coal-CC blends), compared to the fractional contributions calculated based on a
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weighted average of coal and biomass volatile yields. The foregoing suggests non-

additive or synergistic behaviour between the coal and biomass fractions of the

blend. This is in contrast to conclusions by some previous authors [17,18,53], but in

agreement with results by some others [19,20].
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Figure 4-5: Simulated DTG curves of coal-BG (a) and coal-CC (b) blends based on 6 pseudocomponent model

Table 4-6: Quality of fit values for simulated DTG curves of blends obtained via nth order model fitting

fitting for 90:10 coal-biomass mix ratio

Coal-BG Coal-CC
Heating rate
(°C min™) 10wt% 20wt% 40wt% 10wt% 20wt%  40wt%
5 7.0 5.4 5.3 5.6 6.1 5.5
10 6.5 3.2 4.3 4.2 4.4 4.1
50 1.2 0.8 1.1 1.6 1.2 1.7
Global 13 13 1.8 1.1 0.9 1.1
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Figure 4-6: Simulated DTG curves for Coal-BG (a) and Coal-CC (b) blends based on kinetic parameters obtained

from pyrolysis of individual fuels for 90:10 coal-biomass mix ratio

Table 4-7: Quality of fit values for DTG predictions recreated from simulated coal and biomass curves

Heating rate Coal-BG Coal-CC
(CCmin®) | 10wt% 20wt%  40wt% | 10wt% 20wt%  40wt%

5 9.2 10.4 10.4 8.9 5.4 4.4

10 9.7 7.8 8.4 8.5 6.0 4.1

50 14.0 11.8 9.2 11.9 9.5 6.6

Global 8.2 6.9 5.5 6.9 5.5 3.9

The second approach to performing kinetic analysis of the blends was based on
employing the kinetic parameters derived for the individual samples (Table 5-2).
These were used to predict conversion progress for coal and biomass components of
the blends. The simulated curves were then added together taking into account the
relative contributions to the blend mix ratio. In this way simulated curves for coal-CC
and coal-BG blends for mix ratios, 90:10, 80:20 and 60:40 were obtained. The quality
of fits for these simulations is shown in Table 5-7 while the plot of simulated versus
experimental DTG curves at 90:10 mix ratios are presented in Fig. 5-6. Much poorer
fits (8-13% for individual curves and 6-8% for global fits) were obtained by this
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method than in the first approach (Table 5-6). This suggests that imposing the
characteristics of the individual fuels on the blends does not give the best
predictions of co-pyrolysis behaviour; therefore supporting the view that synergistic
interactions do exists between the biomass and coal making up the blend. Plausible
explanations for the synergistic mechanism was given in Aboyade et al. [21], based
on model free analysis of the same data. The approach of supplementing model free
analysis with model fitting was recommended by ICTAC [26] and helps to give
confidence that the kinetic parameters obtained for pyrolysis and co-pyrolysis
reactions for the materials under investigation are in fact reliable representations of

the actual process taking place.

4.4 Conclusions

Single and multi-component model fitting was used to evaluate the pyrolysis kinetics
of coal, corn cobs, and sugarcane bagasse, and the co-pyrolysis behaviour of
mixtures of the coal and biomasses. The results showed that single component
kinetics was a poor representation of the decomposition behaviour of all of the
samples, regardless of whether a 1% or n™ order reaction model was assumed.
Conversely, reasonable approximate simulations of reaction rates could be obtained
by adopting the simpler 1°' order model when 3 or more parallel reactions were
assumed in the biomass fuels, but less so for coal. The n™ order provided simulations
and predictions with better fits to the experimental data, particularly for coal where
a larger deviation from 1°' order behaviour was observed. Kinetic analysis of the coal
blends with biomass revealed non-additive synergistic interactions as indicated by
the relatively poor quality of fit achieved when the parameters of the contributing

single fuels were used to predict co-pyrolysis reaction rate curves.
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5 Characterization of devolatilized products from the
pyrolysis of coal and agricultural residues

Adapted version was submitted to Energy Conversion and Management in September 2011
using the following details:

Title: “Slow and pressurized co-pyrolysis of coal and agricultural residues”

Authors: Akinwale O. Aboyadea'b, Marion Carrier®, Edson L. Meyerb, Johannes H Knoetze?,
Johann F. Gérgens®

’Department of Process Engineering, Stellenbosch University, Stellenbosch, South Africa

®Fort Hare Institute of Technology, University of Fort Hare, Alice, South Africa

In order to obtain information about devolatilization products obtained during
updraft fixed bed gasification of coal and biomass, experiments to simulate the
pyrolysis conditions in Sasol’s fixed bed gasifiers were conducted on coal and
biomass samples. The yield and composition of volatile pyrolysis products from coal
were compared with those obtained from the biomass fuels (i.e. sugarcane bagasse,
corn cobs and corn stover). Particular attention was paid to liquid phase products
which were separated into aqueous and non-aqueous fractions before being

chemically characterized by GC-MS.

5.1 Introduction

One of the main technological routes for the conversion of fossil fuels, to fuels and
chemicals is thermochemical processing. Thermochemical processes include
pyrolysis, combustion, liquefaction, and gasification. The predominant end use
application for thermochemical technology is the production of chemicals, Fischer-
Tropsch (FT) liquid fuels, power, and gaseous fuels in that order [1]. Much of the
chemicals and FT fuels currently produced are obtained via updraft fixed bed
gasification of coal feedstock [2]. The largest of such operations is the Sasol coal-to-
liquids conversion plants based in Secunda and Sasolburg, South Africa [1]. The
pyrolysis or devolatilization step in updraft gasification is particularly important
because its products — tars, oils, and water — are released in significant quantities

along with the produced gas [3,4]. These condensates are produced in the
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devolatilization reaction zone of updraft gasifiers and are normally considered an
unwanted by-product of gasification that has to be minimised [5-7]. In the Sasol
process, they have chosen to utilize the hydrocarbon fraction of these liquids via
conventional refining processes to produce commercially valuable chemicals such as
naphtha, creosotes, and phenols [3,8]. Naphtha and creosotes are produced from
the heavier tar fraction and phenols from the light oil fraction of the condensates [9].
Coal tars in fact currently represent one of the most important feedstock for these
aromatic chemicals, particularly the multi-ring aromatics such as quinoline and

thiophene which are considered high value specialty chemicals [10].

When considering the potential for biomass to be used as feedstock based on the
existing coal based fixed-bed gasification processes, the devolatilization step
becomes even more important as volatile matter content in biomass is known to be
significantly higher than in coal. The composition of produced liquids are also known
to differ, with biomass derived tars consisting of a higher fraction of oxygenates due
to the higher O/C ratios compared to coal [11,12]. To evaluate the effect of
substituting biomass for coal on tar quality in updraft gasification, identification and
guantification of the hydrocarbons components is necessary at conditions at least
similar to what obtained within the reactor. Pyrolysis in updraft gasification is
believed to occur at relatively low temperatures (400-600°C) and at slow heating
rates [6,13-15]. It has also been shown that tars from updraft gasification are
guantitatively and qualitatively similar to tars from conventional pyrolysis [13,14].
However, as previously observed by Branca et al. [13], the literature is very limited
on the chemical characterization of tars from slow pyrolysis [13,16,17], compared to
fast pyrolysis processes [5,18-23]. There are even fewer studies available that
investigate the composition of condensates from both biomass and coal feedstock
under similar experimental conditions [5,11]. Also, few of these studies have been
conducted at elevated pressures. This is noteworthy considering that it has been
shown that pressure can influence the composition of volatile products during
pyrolysis [24,25] and the majority of modern industrial scale thermochemical

processes are operated at elevated pressures [26-29]. This lack of experimental data
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from pressurized pyrolysis conditions also limits the potential for applying process
models to pressurized updraft gasification [14], where as pointed out earlier,

devolatilization reactions are important.

In this chapter, the yield and composition of pyrolysis products from coal were
compared with those obtained from sugarcane bagasse, corn cobs and corn stover. A
fixed bed batch reactor was employed for simulating the devolatilization zone in
updraft gasifiers under the following operating condition; heating rate of 10°C min™,
26 bars pressure, and final temperature of 600°C. Particular attention was paid to
liguid phase products which were separated into aqueous and non-aqueous

fractions before being chemically characterized by GC-MS.

5.2 Experimental

5.2.1 Feedstock

The coal sample used was a blend of various typical South African hard coals that can
be described as low grade, high ash and inertinite rich coal. The biomass types used
in the study were sugarcane bagasse (BG) and corn residues separated into cobs
(CC), and corn stover (CS), all obtained from farms in the Free State region of South
Africa. CS was received already shredded while CC was received in whole pieces.
Both types of corn residues were received already dried with moisture content less
than 7%. BG was received relatively untreated with 35-40% moisture content and
then air dried for 48 hours to a moisture content of approximately 10%.
Representative sub-samples for experiments were obtained for all samples according
to CEN/TS 14780/2005 [30]. CC was size-reduced by grinding to <20 mm for fixed-
bed pyrolysis experiments, BG was milled to <2 mm and CS was used as received
(Table 6-1). The overarching aim was to subject the samples to minimal pre-
treatment and preparation and using size distributions that are relevant to industrial
applications for each sample. The bulk density of the air dried samples was
determined according to CEN/TS 15103:2005 as 80-90 kg/m3, 200-220 kg/m3, 100-
130 kg/m3, and 800-850 kg/m3 for BG, CC CS and coal respectively. Proximate and
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ultimate analysis methods and results have already been presented in Chapter 4

(section 4.2.1).

Table 5-1: Size distribution of feedstock

Size range (mm) BG cC CS Coal
13.2-20.0 15.0 29.2
9.5-13.2 29.9 26.7
6.7-9.5 31.6 24.2
3.35-6.7 13.6 18.3
2.3-3.35 3.5 29.1 1.7
1.0-2.3 30.3 2.5 30.5

0.5-1.0 37.3 2.2 40.4

<0.5 324 1.8

5.2.2 Pyrolysis products generation

Pyrolysis products were obtained using the fixed bed reactor set-up depicted in Fig.
6-1. The equipment is able to produce gas, condensates and char under pressurized
slow pyrolysis conditions. The apparatus consists of a steel autoclave heated by

surrounding heating elements to 600°C at 10°C min™* and 26 bars.
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pressure
1 valve
Water cooled
N,
condensers
’:‘ <

K - Gas
= ollector,
U U Flowmeter

Solvent

Autoclave

(CH3OH) trap
N; (acetone +ice
Cold trap
(ice bath) bath)

Figure 5-1: Schematic of fixed bed pyrolysis experimental setup

The pressure is controlled by the back pressure valve. Samples are loaded in the 2 L
autoclave and sealed with the help of gaskets and steel bolts. The carrier gas,

nitrogen flows through the reactor from the bottom at about 200 ml/min. The inert
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gas flow continues for the duration of the experiment and afterwards while the
reactor is allowed to cool until no further volatile effluence is observed (usually 2-4
hours). Two separate condensate traps were employed. The first cold trap collected
heavier molecular liquids which condensed at 0-2.5°C in an ice bath. Lighter
condensables in the form of aerosols that escaped this trap were then collected
using a methanol solvent trap placed in an acetone and ice bath with temperature of
-15°C. This gas-cleaning system guarantees a gas clean enough for subsequent
compositional analysis. Non-condensable gas is directed into a gas bag; however,
samples were also taken at selected temperature ranges during the duration of the
tests by using a bypass valve. The heavy molecular weight condensates trapped in
the first ice bath consisted of an agueous and oily (water-insoluble) phase. The
phases were separated according to ASTM D244 (Dean and Stark distillation) with
toluene as solvent. According to this method, 100g of toluene is added to the sample
in a reaction vessel to cause the separation of the aqueous phase in the sample.
Upon heating toluene and water vaporises but the toluene falls back into the
reaction vessel because of the difference in density (azeotropic distillation). In this
way the entire aqueous fraction is separated, and then the 100g of toluene can also
be recovered. The non-aqueous tar fraction is obtained by difference. All vessels and
samples are weighed before and after the process to ensure a mass balance which
was always achieved within 5% error. The purity of toluene recovered was verified
by GC-MS to be more than 95%. The tar, agueous phase, and condensed aerosols

were analysed by GC-MS.

5.2.3 Volatile product analysis

5.2.3.1 Gas

Pyrolysis gas produced was analysed using the Agilent Technologies 6890N gas
chromatograph system connected to a flame ionization detector. Dioxane was used
as the external standard with hydrogen used as the carrier gas at 1.3 ml min™
flowrate. The GC was equipped with a 100 m x 0.25 mm column with film thickness

of 0.5 um. The inlet and detector temperature were kept at 225°C and 250°C,
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respectively, and the maximum oven temperature was fixed at 250°C. Gases tested
for were H,, CHy, CO, CO, and N,. Gas was collected and analysed at different

temperature ranges 200-300°C, 300-400°C, 400-500°C and 500-600°C.

5.2.3.2 Liquids

GC analysis was done using an Agilent 7890A Gas Chromatography system equipped
with an Agilent 5973 mass spectrometer (MS). For analysis of the aqueous fraction
liquids and light condensates, hydrogen was used as the carrier gas at 1.3ml/min
flowrate. The GC column used was a FFAP with dimensions (50 m X 0.2mm X 0.33
um). The oven was programmed for an initial temperature of 60°C to hold at 5 min,
ramp at 6°C/min to 240°C and hold for 20 min. The injector temperature was 220°C
and the split ratio was set to 100:1. The MS was equipped with ion source and
interface temperature of 260°C and 29-300 scan mode. For identification of
compounds in the tar phase, A PONA GC column with dimensions (50 m X 0.2 mm X
0.5 um) was used with Helium as carrier gas flowing at 1 ml min™. The oven was set
to hold for 1 min at the initial temperature of 50°C, ramp at 4°C min™ to 290°C. Inlet
temperature was set at 250°C and the spilt ratio set to 100:1. Injector volume for
both phases was 1 pl. Dioxane was used as the internal standard for all liquid
fractions. ldentification of compounds was done using the NIST mass spectrum
library. Quantification was done based on calculated response factors for each

identified component.

5.3 Results

The proximate and elemental analyses values of the samples used are presented in
Table 4.1. Apart from the margins of error values shown in the table, an indication of
the accuracy of these experimentally obtained elemental and HHV values is their
closeness to predictions obtained from Channiwala and Parikh’s [35] multivariate
correlation. According to the correlation, HHV for BG, CC, CS and Coal are predicted

as 17.4,18.2, 13.4 and 17.5 MJ kg'1 respectively.
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The coal used in this study is a hard, low grade coal, and as such has relatively low
carbon and high ash content as shown in the Table 4-1. The heating value of the coal
is also lower than what generally obtained for higher coal grades, which generally

tends to be higher than most biomass heating values [38].

5.3.1 Kinetic and transport dynamics

Pyrolysis behaviour is a consequence of the chemical (kinetics) and physical (heat
and mass transport) processes that exist between (extra-particle) and within (intra-
particle) feedstock particles [40]. During pyrolysis, evolution rates of volatiles
escaping the particles surface are determined by internal transport mechanisms and
intrinsic chemical reaction rates. Transport processes are strongly influenced by
particle size of the feedstock [41], which in this study ranged from €2 mm for BG and

CS to £20 mm for CC and coal (Table 6-1).

Table 5-2: Characteristic time-scales of major physical and chemical processes during devolatilization of wood

and coal
Characteristic time scale (s)
Biomass Coal
L=2mm L=20mm L=20mm
T=200°C T=600°C T=200°C T=600°C T=200°C T=600°C
Diffusion L2/Deﬁ 4 1.2 400 120 10 <10
Intraparticle fluid
flow ul’/PK 10° 10° 0.1 0.1 107 <10
Convective heat
transfer Ld(pc)/h 0.01 >0.01 0.1 >0.1 10 >10
Conduction heat
transfer Lz(pc)/k 4 >4 400 >200 100 >100
Devolatilization  1//A exp(-E/RT)] 10°-10° 10*-10” 10°-10° 10*-10” 10" 10°
Dy effective mass diffusivity *coal(10” m? s™); biomass (10'6 m? sh
u Viscosity coal (10® Pa s); biomass(10® Pa s)
P Pressure 2.6 MPa
K Permeability coal (10" mz); biomass(10™ mz)
d characteristic diameter coal (0.1 um); biomass(10 um)
{(pc) volumetric thermal capacity of the solid coal (4x105J m! K"l); biomass(lO3 Jm? K"l)
h heat transfer coefficient coal (10 m?st K'l); biomass(10 J m?s? K"l)
k thermal conductivity coal (0.7 m?s?t K'l); biomass(lO'lj m?s?t K'l)

*parameters for biomass based on values of wood obtained from Refs [42-44), while coal parameters were derived from Ref [49,50].
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External heat transfer to the surface of the particle generally occurs either via the
convective heat transport between the particle and the gas flow, or by radiation
from the furnace walls and between particles [40,45]. Convective heat transfer

coefficient for the conditions used in this study was estimated in the order of 5-30 W

1 1
m™ using the Ranz Marshall correlation Agppg = [2.0 + 0.6 Rez PrE] ks/L [46,47].

Obtained values for the radiative heat transfer coefficient where significantly higher
at 120-130 W m™ using the expression h,..q = @o4T?3, [40,48]. This is consistent
with the practice were convective heat transfer is neglected in systems heated
primarily by an external radiative flux, as opposed to heating by a hot gas injection

[40,48].

The relative importance of internal and external heat transfer resistance is measured
by the Biot number which for radiative systems is given by B = (h,q4L/k). At 600°C,
the Biot numbers for 20 mm coal and biomass particles were calculated as
approximately 4 and 12 respectively, while for the 2 mm biomass particles it was
estimated at an order of magnitude less at 1.2. This shows that intra-particle
processes were much more prominent for coal and CC samples (20 mm) than for BG

(2 mm).

Estimates of the relative characteristic times for intra-particle phenomena occurring
within the coal and biomass feedstock are given in Table 6-2, according to
differences in particle sizes and temperatures. Calculated values were based on
analysis similar to that of Chan et al. [42], Moghtaderi et al. [43] and Russell et al.
[49]. Heat and mass transfer parameters and their temperature and size
dependencies for biomass were based on values for wood obtained from [42-44],
while those for coal were obtained from [49,50]. Chemical reaction time-scales were
calculated based on global reaction rate constants obtained from a previous kinetic
study on the same materials by the authors [51]. At low temperatures for all particle
sizes and fuels, transport processes were several orders of magnitude faster than
reaction times, whereas the opposite trend was observed at high temperature
(600°C). This means that transport proccesses were the controlling mechanism at
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high temperatures. The large temperature sensitivity of devolatilization time-scales
was a consequence of the Arrhenius relationship between activation energy,
temperature and chemical reaction rates [52]. In contrast, changes in mass and
energy transport times-scales due to increase in temperature from 200°C to 600°C
were usually within one order of magnitude. Overall, mass transfer times scales
increased with increase in particle size, and were slower in coal than in biomass. This
is due to the difference in permeability and effective diffusivity of coal and biomass
which are in turn dependent on characteristic pore sizes. Pore sizes for coal range
was estimated as 0.1 um [49,53] while in biomass values in the order of 10 um have

been reported [42].

5.3.2 Pyrolysis products distribution

Overall distribution of the lumped solid, liquid and gas phase product yields are
presented in Fig. 6-2. The values shown are average of three runs and the error bars
represent the standard deviations. The higher observed deviation in measured yields
for CS could be attributed to the relatively higher heterogeneity of the feedstock

samples.
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Figure 5-2: Lumped product distribution

The results shows that during fixed bed pyrolysis at 600°C and 26 bars, volatile yields

(pyrolysis gas and liquids) were higher for biomass than for coal, a result that is
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consistent with the earlier reported proximate characteristics for these materials. CS
yielded the highest quantities of volatile products (83%) - and consequently lower
char- than the other two biomasses (69.6% and 72.6% for CC and BG respectively).
On the other hand, CC produced the highest condensate yield (31%). BG and CS
produced significantly higher gas yields relative to the total volatiles quantities,

compared to CC or coal.

When compared to results from previous work by other authors (Table A-1,
Appendix A) — most of which are obtained at atmospheric pressure — the results here
show that gas and char yields were generally higher with correspondingly lower
liquid yields. Pressure affects pyrolysis product yields in two important ways; mass
transport and secondary reactions [9]. At high pressures, primary pyrolysis reactions
are suppressed due to the restricted transport of volatiles from the site of formation
to surface of the fuel particle and into the bulk volatile phase. This is caused by the
reduced pressure drop in the particle pores which occurs at elevated external
pressures. The extended residence time of intra particle volatiles favours secondary
reactions (tar cracking, char-forming) between volatiles that have already escaped
leading to the increased production of lighter, more stable gas products and char at
the expense of tar [66,67]. This effect has been noticed for coal [27,28,65] and
biomass [25,29] in both slow and fast pyrolysis conditions [26,68]. In addition to
pressure, it should also be noted that the type of reactor used, heating rate and
pyrolysis temperature are also major factors that could cause the relatively low
liguid and high gas yield observed. Slow heating rates and fixed bed reactor
configuration tend to favour repolymerisation of volatiles leading to increased
secondary char production. At fast heating rates and in vacuum, fluidized and flash
pyrolysis conditions, impediments to each particle’s devolatilization are lower and

higher conversion generally occurs [68].
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Figure 5-3: Distribution of liquid fractions on air dried and daf basis

Fig. 6-3 reports the relative distribution of the separate liquid phases on an air dried
and dry and ash free (daf) basis. The columns representing the aqueous fraction have
been split to show the influence of initial water content (‘free’ water) and/or
pyrolytic (or ‘bound’) water. The data shows that pyrolysis liquids from all fuels are
dominated by the aqueous fraction which represents about 95, 84, 88 and 73 wt% of
total liquid product for BG, CC, CS and coal respectively. The figures also show that
water soluble organics are produced in higher quantities from biomass than from
coal, as is the case for water insoluble organics (tar and light condensates). Whilst
overall liquid production was higher for biomass than for coal, yields of the tar

fraction for coal was actually higher (on a daf basis) than for CS and BG.
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Figure 5-4: Evolution of CO, CO,, CH,, and H, yields as pyrolysis proceeds

5.3.3 Compositional analysis of volatile products

5.3.3.1 Gas
Gas samples were obtained at various temperature intervals over the duration of the

experiment and analysed to provide an indication of dynamics of the gas phase
component production. Fig. 6-4 reports the concentrations of CO, CO,, CH; and H, in
the gas samples as pyrolysis proceeded. In addition to CH,; some other C,-C,4
aliphatics are produced during pyrolysis but the quantities are small enough to be
justifiably left out in this analysis, in accordance with many other literature
[17,18,69,70]. It can be observed from Fig. 6-4 that the gas composition changes
significantly over the temperature range under which pyrolysis occurred. For the
biomasses, pyrolysis gas is composed of mainly carbon oxides at 300°C. As pyrolysis
temperature increases, the concentration of CO and CO, falls as the quantities of CHa
and H, increases. Gas release from coal pyrolysis generally follows the same trend,

although the concentration of CO and CO; starts off from lower concentrations.

Fig. 6-5 displays the composition of gas products collected over the whole duration

of pyrolysis as a fraction of the feedstock. The data shows non-hydrocarbon gas
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species represented a higher fraction of total gas yields from biomass than coal. On
the other hand, CH, represented a higher proportion of gas products from coal than

is the case for biomass.
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Figure 5-5: Overall yields of CO. CO,, CH,, and H, of total feedstock

5.3.3.2 Liquids
Results of the chemical characterization of pyrolysis liquid hydrocarbons (HCs) from

all four feedstock can be found in Table A-2 (Appendix A). The column named NF
represents compounds identified in the non-aqueous fraction — consisting the tar
and condensed aerosol fraction, while the column AF refers to the aqueous fraction
of condensates. The identified compounds are categorised into functional groups
and the fractional distribution of these groups are graphically presented in Fig. 6-6. It
should be noted that the compounds identified here represent only the volatile
fraction of condensates collected, as GCMS technique cannot detect non-volatile
compounds i.e. compounds with boiling points greater than 300°C [71]. The results
show that volatile liquid hydrocarbons in biomass derived condensates consisted of a
wider variety of chemical species mostly dominated by oxygenates such as acids
(consisting mainly acetic and propanoic acid), alcohols (methanol, ethanol, 1-
propanol), phenolics (phenol, cresols, and guaicols), ketones (acetone, methyl ethyl
ketone, and methyl isobutyl ketone) and furans (furfural, 2,5-dimethyl-furan, and

furfurylalcohol). PAHs (mainly naphthalene, methyl naphthalene, toluene and
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anthracene) and other monocyclic aromatics such as benzene and o-xylene were

also prominent, but represented a lower fraction of total HCs than was found in coal.

wt% of feed (daf)

Figure 5-6: Distribution of main functional groups identified in the combined condensates

The most prominent hydrocarbons in CC condensates (as percentage of total
feedstock mass) were acetic acid (5.9 wt%), naphthalene (1.1 wt%), phenol (0.85
wt%), p-ethyl-methyl-phenol (0.6 wt%), methanol (0.52 wt%), methyl acetate (0.51
wt%), and acetone (0.49 wt%). In BG condensates, they are acetic acid (1.05 wt%)
and naphthalene (0.3 wt%). For CS condensates, they are acetic acid (0.8 wt%),
naphthalene (0.62 wt%) acetone (0.52 wt%), methanol (0.49 wt%), and m-cresol (0.4
wt%). Carboxylic acids (mainly acetic acid) were prominent in condensates from all
the biomass fuels in keeping with generally reported values for both slow [13,16,17]
and fast pyrolysis conditions [18,19,21,23,72]. Interestingly, the only biomass tar
composition study found that was conducted under pressurized pyrolysis conditions
reported negligible acid yields from wheat straw tars obtained at 1-3 bars [73]. In
general, the overall distribution of functional groups is qualitatively consistent with
the observed trend reported by previous reports which all point to significant yields
of carboxylic acids, ketones, alcohols, as well as lignin derived aromatics such as

phenols and PAHs [13,21]. Acetic acid is known to derive from all three
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lignocellulosic components of biomass, but the main contributors are cellulose and
hemicellulose via a number of competing pathways including the elimination of
acetyl groups within the polysaccharide structures [72,74]. The results also show
significant yields of phenolics and aromatics. This is not surprising given that these
substances are known to derive from the lignin fraction of biomass and the
decomposition of lignin is known to be prominent during secondary reactions [75].
The pressurized conditioned under which this study is undertaken and the associated
long vapour residence times provide an environment that encouraged secondary
reactions. One other notable difference between these results and what is generally
reported in the literature based on experiments under atmospheric pressure
[17,18,21], is the generally lower molecular weight (32 -202 g/mol) of compounds
identified in this study. Studies in the literature (largely based on atmospheric
pyrolysis conditions) tend to show prominent yields of high molecular compounds
such as levoglucosan, and longer chain lignin derivatives such as dimethoxyphenols
(guaicols), and catechols [76]. These compounds are known precursors to the lower
molecular weight species reported here and their decomposition is due to the
increased residence times caused by elevated pressure which encourages the

severity of secondary vapour reactions [77].

The results also show that coal derived liquid hydrocarbons are mainly composed of
PAHs and phenolics. The compounds with the highest yields are naphthalene, phenol
and m-cresol representing 1.3, 0.5, and 0.47 wt% of the dry and ash free feedstock
(or 30%, 11.7 and 11.2 wt% of the liquid hydrocarbons fraction only). In addition to
these, heterocyclic aromatics containing nitrogen and sulphur are present in small
amounts. Compared to biomass, there are fewer recent studies that quantitatively
describe the composition of coal tars at either atmospheric or pressurized
conditions. Qualitatively however, the findings here are in line with the reported

trend in the literature [10,71,78,79].

In general for all fuels, much of the cyclic compounds including single chain

aromatics, PAHs, furans and phenolics were found in the water insoluble or tarry
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fraction of the condensates, while the aqueous fractions comprised most of the
acids, alcohols, aldehydes, ketones and esters. More of the latter group were
detected in biomass in accordance with the observed higher fraction of aqueous
fraction liquids (Fig. 6-3). Table 6-3 reports some characteristics (derived from the list
of compounds quantified by GCMS) of the combined liquids hydrocarbons and of the
separate liquid fractions. Put together, these results show that there are also
significant differences between the pyrolysis liquids composition of the biomass
fuels. CC-derived liquids consisted of considerably higher variety of compounds in
higher quantities than the other two biomasses. Also many more of the species

detected in BG and CS condensates had very low yields (<0.5 wt%) compared to CC.

Table 5-3: Key characteristics of the combined and separate liquid phases

BG CcC CS Coal

Combined Liquids

Total liquid HCs (wt% of

feedstock, daf) 2.71 13.23 4.98 4.20
% of total condensates that are
HCs 12.82 39.95 21.97 42.74
wt % of oxygenates in HCs 82.75 87.44 80.94 59.04
Ne of total detected HCs 63 85 69 44
Pyrolytic water produced (wt%,
daf) 18.43 20.26 17.70 5.62
non-Aqueous HCs
Ne of compounds detected 70 90 71 43
Weighted average molecular weight
(g/mol) 116.90 106.09 116.99 118.85
BP°C (weighted average) 208 184 202 207
% oxygenates 63.25 73.75 76.02 50.04
Total HC yield (wt%, daf) 1.32 7.53 3.25 4.16
Aqueous HCs
Ne of compounds detected 15 27 15 10
Weighted average molecular weight
(g/mol) 56.88 58.32 52.20 59.52
BP°C (weighted average) 105.09 108.31 83.83 83.13
Total HC yield (wt%, daf) 1.38 5.70 1.74 0.053
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5.4 Discussions

The differences in the observed yield distribution between coal and biomass can be
largely attributed to the differing structural and chemical characteristics of coal and
biomass. Coal has a higher fixed carbon and carbon content than biomass (Table 4-1)
which leads to higher char and lower volatile yields. Biomass comprises of
hemicellulose, cellulose and lignin macromolecules linked together by relatively
weak R-O-R bonds (bond energy ca. 380-420 kJ/mol) which are almost completely
degraded at 600°C [66]. In contrast, coal produces comparatively less volatile yields
because it comprises denser aliphatics, aromatics and polycyclic aromatic
hydrocarbons (PAHs), held together by stronger C-C bonds which are more heat
resistant (bond energy ca. 1000 kJ/mol)[66,80]. The higher temperatures required
for producing gas species from coal as observed in Fig. 6-4 can be linked to the
difference in their chemical structure. Initially, CO and CO, dominate the gas phase
of all the fuels, produced via primary decomposition of the carbohydrates in
biomass, and bond scission, depolymerization and cracking in coal. However, the
higher reactivity and lower bond energy of biomass [66,67] cause the release of
these gases to start at lower temperatures than for coal as shows. As pyrolysis
severity increases, CO, concentration is progressively reduced partly via mild char
gasification, while the concentration of H, and CH, increases. CH, is obtained via the
partial saturation of alkyl free radicals with H,, and from gas phase methanation

reactions [81].

The weaker macromolecular structure of biomass and its relatively high oxygen
content, which is in turn a result of the high oxygen content of the cellulose and
hemicellulose building blocks, is also responsible for the larger fraction of oxygenates
detected in biomass derived liquids compared to coal (50%, 75% and 10% for BG, CC
and coal respectively). The weaker structure and high oxygen content of
lignocellulosic biomass also yields higher quantities of reactive oxygen containing
free radicals, leading to a more complex mix of products and could explains the
detection of 65-85 species in biomass tars, compared to 44 in coal. Cellulose and

hemicellulose are precursors to the formation of acids, esters, aldehydes, ketones,

128



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

and furans yields while lignin decomposes to forms phenol and cresol derivatives and
also some of the furans [13,21]. On the other hand, the generally lower reactivity of
coal led to lower liquid hydrocarbon yields, and a lesser varity of products than was
obtained from biomass. Coal liquid hydrocarbons were dominated by PAH’s and
phenolics. A number of reaction pathways have been suggested for the production
of PAHs including the decomposition of long chain aromatics within the coal
structure [82] and via the Diels-Alder reaction which involves aromatization and
dehydrogenation of aliphatics liberated during coal devolatilization [76,83]. PAHs can
also be produced via the deoxygenation of phenols and cresols or via recombination
of phenyl and other aromatic radicals [75,84,85]. Phenols are derived from the
catechol isomers (o,m,p dihydroxybenzene) within the coal [86]. Catechols are also
found in lignin which is responsible for the phenol and cresol derivatives produced

from lignocellulosic biomass [86-88].

Comparisons between the biomass fuels lead to some notable observations that
possibly highlight the significance of particle size differences between the samples.
CC consists of larger woody type particles crushed to <20 mm sizes, compared to CS
and BG which had straw and fibrous type constitutions and was shredded to <2 mm.
As the characteristic time-scales for chemical and transport processes presented in
Table 6-2 shows, particle size did not affect intrinsic devolatilization rates, but
caused significant changes in mass and energy transfer time scales. Intra-particle
energy transfer by convection were about one order of magnitude faster for 2 mm
particles compared to 20 mm particles while conduction rates occurred at about 2
orders of magnitude faster, which means that the core of smaller particles are
heated up significantly faster. For similar change in particle size, time scales of intra-
particle bulk flow of volatiles increased by about 2 orders of magnitude for biomass.
The faster occurrence of transport phenomena in smaller sized particle means that
primary volatiles are released quicker from small particle sized fuels thereby
encouraging secondary decomposition or cracking of heavier volatiles to more stable
gas products and lighter volatiles [40]. In larger particles however, transport

limitations will cause lower severity of secondary reactions due to increased
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residence time of intra-particle volatiles resulting from higher mass and heat transfer
resistances [40,41]. These processes, in addition to differences in chemical structure,
may explain the higher ratio of gas to liquid yields for BG and CS (2.4 and 2.7
respectively) compared with 1.1 for CC (Fig. 6-2), and the higher tar phase yields in
CC (Fig. 6-3). Secondary reactions lead to increased cracking of condensable volatiles

and tars to lighter and more stable gas products [89].

The predominance of transport processes in the experimental conditions employed
in this study could also explain some of the observed difference in gas species
production from the feedstocks studied. Small particle size and low bed porosity aids
mass and energy transfer to active sites within the devolatilizing particle and
encourages secondary reactions leading to increased decomposition or cracking of
heavier volatiles to gas and lighter volatiles. This may be responsible for the
relatively higher total gas yields seen in the straw fuels, BG and CS, compared to the
more woody and dense CC (Fig. 6-2). According to Park et al. [69], H, is a product of
extensive secondary depolymerization of lignin derived tars. The reported lignin
composition of BG (about the highest of the three biomasses as shown in Table 4-1),
coupled with the straw-like nature of the feedstock and associated high bed porosity
very likely explains the high H, concentrations observed for BG in Fig. 6-4. The
relatively reduced occurrence of secondary and tertiary reactions for CC caused by
its generally larger particle size, can also partly account for the significantly higher
variety and quantity of organic compounds produced, compared to the other two
biomasses (Fig. 6-5 and Table A-2). Increased extra-particle or vapour phase
secondary and tertiary reactions cracks the primary oxygenates to more stable
gaseous products leading to higher gas yields and lower liquid yields [75]. It probably
accounts for the lower acetic acid yields in BG and CC as its production is known to

be negatively correlated with the severity of pyrolysis conditions [21].

As further evidence of the influence of transport processes, volatile yields for CC and
CS reported in this paper were compared with those obtained from

thermogravimetric analysis (TGA) of the same samples where kinetic control was
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maintained as heat and mass transfer effects were limited [90]. The TGA study
produced dry and ash free volatile yields of 83% and 80% for CC and CS, respectively,
compared to 70% and 83% derived from the present study. Compared to the
ultimate volatile content of these fuels presented in Table 4-1 (84.3% for CC and
84.1% for CS), this shows that almost 100% of ultimate conversion was achieved in
this study for CS, similar to the conversion levels obtained via TGA. In contrast,
approximately 84% conversion was obtained for CC in this study compared to the
near complete conversion obtained in the TGA. This potentially highlights the heat
and mass transfer limitations imposed by larger particle sizes of CC, compared to the
smaller particle sized CS, where transports effects are limited and chemical reactions

are able to proceed to near completion.

5.5 Conclusions

In order to obtain information about devolatilization products obtained during
updraft fixed bed gasification of coal and biomass, experiments to simulate the
pyrolysis conditions in Sasol's fixed bed gasifiers were conducted. It can be
concluded that differences between biomass and coal in terms of the overall
distribution of char, condensates and gas phase product yields are correlated with
the significantly differing proximate and chemical properties of the fuels. This is
reflected in the generally higher yield, variety and oxygen content of biomass volatile
products compared to coal. While the fact that coal produced higher char and lower
gas and liquid products than any of the biomass considered are to be expected,
there were significant differences in pyrolysis behaviour between the biomass fuels
as well that merit mentioning. The dissimilarity observed between biomass fuels
corresponds to the differences in their particle size and the ensuing effect on
transport dynamics within the reactor. Such differences were manifested in terms of
overall gas/liquid of volatile phase products and in the composition and distribution
of the volatiles as well. This results reflect behaviour than can be expected from
these fuels in an updraft fixed bed gasification process were similar pyrolysis

conditions as used in this study generally occur.
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5.6 Nomenclature

A pre-exponential factor (s™)

c specific heat capacity (kJ kg™ K™)

D mass diffusivity (m?s?)

E Activation energy (kJ mol™)

h heat transfer coefficient (W m2K?)
k thermal conductivity coal (W m*K?Y)
K permeability (m?)

Pr Prandtl number

P pressure (Pa)

Re Reynolds number

R Gas constant (8.314 J mol™)

d characteristic diameter (m)

P density (kg m™)

Q emissivity

o Stefan—Boltzman constant (5.67 x 10 W m? K™
u dynamic viscosity (Pa s)

Subscripts

eff effective

f fluid

cond conduction

rad  radiation
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6 Characterization of devolatilized products from co-

pyrolysis of coal-biomass blends

Adapted version was submitted to Energy Conversion and Management in September 2011
using the following details:

Title: “Slow and pressurized co-pyrolysis of coal and agricultural residues”

Authors: Akinwale O. Aboyadea'b, Marion Carrier®, Edson L. Meyerb, Johannes H Knoetze?,
Johann F. Gérgens®

’Department of Process Engineering, Stellenbosch University, Stellenbosch, South Africa
®Fort Hare Institute of Technology, University of Fort Hare, Alice, South Africa

In this chapter, the influence of mix ratio, pressure and temperature on the yield and
composition of volatile products obtained from pressurized co-pyrolysis of coal and

biomass was investigated based on a 23 factorial design.

6.1 Introduction

A number of researchers have reported co-pyrolysis studies using a range of
pyrolysis conditions, reactor types and fuel types. There has been some
contradictions in the conclusions from these studies. Some have reported significant
interactions between the contributing fuels [1,2] and others describe mainly additive
effects [3-6]. Few of these studies [1-3] focused on the effects of co-processing on
the composition and quality of volatiles products. However, the quality and
composition of liquid hydrocarbon is important for industrial processes were tar is
recovered and used for commercial applications. The composition of tar is also of
concern with regards to its safe and environmentally sustainable disposal. Jones et
al. [1] determined that co-pyrolyzing pinewood with coals of different rank ranging
from lignite to sub-bituminous coal, results in a decrease in aromatics and increase
in phenols during atmospheric, slow heating rate pyrolysis. They did not however
provide quantitative yields of these compounds or the effect of temperature or
pressure on such yields. The majority of co-pyrolysis studies were conducted under
atmospheric conditions, whereas high pressure is required for most industrial
processes. Collot et al’s [16] work on the co-pyrolysis of Daw Mill coal and Silver

Birch wood under pressures ranging from 1-20 bars is one of the few works on
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pressurized co-pyrolysis of coal and biomass. However, the effect of co-pyrolysis
conditions on the composition of the gas or liquid products obtained was not

included in their study.

The yield and composition of volatile products from of individual pressurized
pyrolysis of both coal and selected agricultural residue have been presented Chapter
5, under conditions similar to what obtains in an updraft, fixed-bed gasifier. This
chapter investigates the vyields of volatiles of various mix ratios of coal-biomass
blends under the same conditions, with a view to detecting possible synergistic
behaviour. The influence of operating parameters such as pressure and temperature
has also been investigated. The experimental plan was based on a 2 factorial design
with mix ratio, pressure and temperature as the three factors. Factorial designs allow
for studying the influence of multiple factors using a reduced number of
experimental runs than would normally be required [9]. Observed devolatilization
behaviour was discussed in the context of the relative importance of kinetic and
transport phenomena on the process. The influence of varying operating conditions

such as temperature and pressure on co-pyrolysis behaviour were also considered.

6.2 Experimental
The description and characteristics of feedstock and apparatus used in the

experiments have been provided in Chapter 5.

6.3 Experimental design

This study is based on a two-level (2k) factorial design (Table 7-1) employed to study
the effect of three factors (k=3), namely temperature, pressure, and the percentage
biomass added to the feed (coal-biomass mix ratio), on a number of response
variables relating to the yield and composition of volatile (gas and liquid) products.
The temperature range chosen for experiments was 400-600°C, whereas pressure
ranged from 1 to 26 bars. This range is typical of conventional pyrolysis processes for

both biomass and coal [10], and covers the temperature and pressure conditions
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observed in updraft fixed bed reactors [11,12]. Percentage biomass added to the

coal feed varied from 5 to 50 wt%. The full design gives a total of 8 tests performed.

Additional centre-point runs (500°C, 13 bars and 27.5 wt% biomass in feed) were

conducted in duplicate resulting in a total of 10 tests performed for each of coal-BG

and coal-CC blends.

Table 6-1: Experimental plan (values in parenthesis represents coded factors in factorial design)

Biomass composition Temperature Pressure

Exp/no 1 (g ’ (o (bars)
1 (+1) 50 (+1) 600 (+1) 26
2 (+1) 50 (+1) 600 (-1) 1

3 (+1) 50 (-1) 400 (+1) 26
4 (-1) 5 (+1) 600 (+1) 26
5 (-1) 5 (-1) 400 (+1) 26
6 (-1) 5 (+1) 600 (-1) 1

7 (-1) 5 (-1) 400 (-1) 1
8 (+1) 50 (-1) 400 (-1) 1
9 (0)27.5 (0) 500 (0) 13
10 (0)27.5 (0) 500 (0) 13
11* 0 600 26
12* 100 600 26

*runs not part of factorial experimental plan

Analysis of the experimental data obtained from the factorial experimental plan was
done using the Statistica software package (v. 9.0) by Statsoft Inc., USA. The software
determines which of the independent input factors have significant effects on the
response (dependent) variables using Analysis of Variance (ANOVA). Experimental

data was also fitted to a regression model of the form [9]:

n n n n
Y= Bo+ zﬁixi + zﬁiixl? + ZZﬁijxixj
-1 F

i=1 >i

Where Y is the response variable parameter pertaining to yields of the various
products, the Bs are the coefficients of the main effects and interactions, and x; to xi

are the scaled independent variables. The first order terms describe the main effects
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and the second order term describes non-linear effects and interactions. Response
surface plots were used to visualize the effects of the input factors on selected

yields.

6.3.1 Influence of coal-biomass mix ratio

In addition to the factorial experimental plan, further pyrolysis experiments were
conducted on individual samples of BG, CC, CS and coal at 26 bars and 600°C (runs
#11 and #12). This in combination with runs at the same temperature and pressure
obtained from the factorial experimental plan (run #1 and #4 in Table 7-1) helped to
separately highlight the influence of coal-biomass mix ratio and to address the
guestion of synergy between the blend materials. In this way, product distribution
and composition of coal-biomass blends with mix of 100:0, 95:5, 50:50, and 0:100

could be compared.

Measured yields from the coal-biomass blends were compared with predictions
calculated on the assumption that no interactions occurred between the feedstocks
during pyrolysis. Predicted yield values are thus given by the weighted sum of the

individual yield values of the contributing fuels as the expression below shows [10]:

PY = [(c1009% X cm) + (P1009 X bn)]/100

where PY= predicted yield value for the mixture; ¢;ggo, = coal value from single fuel
pyrolysis; ¢, = share (%) of coal in the mixture during co-pyrolysis; biggy, = biomass
value from single fuel pyrolysis; b,,= share (%) of biomass in the mixture during co-

pyrolysis.

6.4 Results and Discussions

Table 7-2 shows ANOVA p-values reflecting the relative significance of the three
process variables and their interactions on the yields of char, gases, total liquids, tar,
and chemical groups such as acids, phenolics, ketones, and PAHs from coal-CC and

coal-CC blends. Among the factors, the blend mix ratio (represented by wt% biomass
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values) had the highest statistical significance for all of the measured responses.
Factors with p-values lower than 0.05 were considered highly significance while
values greater than 0.15 are insignificant. Values between 0.05 and 0.15 indicated
low significance of the associated process variable. Consequently it could be
observed that wt% biomass had a statistically high significance on the phase
distribution of products into char, liquids and gases. With respect to the yield of
specific fractions or chemical groups such as tar, acids, phenolics and PAHs, the

effects of wt% biomass was generally less significant.

Table 6-2: ANOVA results and measures of model adequacy for both coal-BG and coal-CC blends

p-values R #x+*
(wt%)* | (T) (P) (17 ** | (wt%)(T) (wt%)(P) (T)(P) Lack of Fit

Coal-BG

Char 0.0237 0.0669 0.3008 0.1335 0.2389 0.1533 0.3714 0.3708 0.9962
Liquids 0.0414 0.0741 0.1044 0.2872 0.2198 0.1361 0.2750 0.6738 0.9966
Gas 0.0144 0.0584 0.0450 0.0728 0.2748 0.1896 0.6953 0.1338 0.9904
Tar 0.0629 0.4730 0.0948 0.1550 0.2304 0.0788 0.1435 0.2494 0.9736
Acids 0.0733 0.0867 0.0837 0.0817 0.1463 0.0083 0.0135 0.0243 0.9922
PAHs 0.3520 0.9632 0.4310 0.7740 0.6897 0.8459 0.8366 0.8744 0.8201
Phenols 0.0112 0.1474 0.0485 0.0800 0.0264 0.0559 0.0206 0.3841 0.9997
Ketones 0.4534 0.8208 0.3619 0.4907 0.3844 0.7919 0.5416 0.6369 0.8497
Coal-CC

Char 0.0063 0.0205 0.2583 0.2698 0.0858 0.0932 0.0637 0.2004 0.9991
Liquids 0.0120 0.0730 0.0752 0.3965 0.0899 0.1356 0.1791 0.1605 0.9947
Gas 0.0304 0.0611 0.1144 0.7925 0.9208 0.5527 0.2067 0.6810 0.9978
Tar 0.1009 0.5833 0.2186 0.8863 0.7036 0.2137 0.9484 0.9575 0.9824
Acids 0.0628 0.1307 0.1170 0.1399 0.4982 0.1299 0.2212 0.3593 0.9833
PAHs 0.0364 0.0416 0.0680 0.1806 0.0726 0.0736 0.1157 0.7053 0.9985
Phenols 0.3490 0.3117 0.3350 0.4134 0.3284 0.3901 0.3530 0.4167 0.8731
Ketones 0.0246 0.0529 0.0450 0.0492 0.0888 0.1206 0.2244 0.5211 0.9985

*wt% biomass in feedstock blend
** coefficients of the other quadratic terms (wt%)° and (P)* were redundant and thus not shown. Their effects were
linear combinations of other effects and cannot be estimated

***squared multiple correlation coefficient for the regression model
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Table 7-2 also shows that for both coal-CC and coal-BG blends, temperature was the
next most significant factor influencing the yields of the major product classes,
although the significance levels ranged mostly from low to negligible except for char
and PAH vyields obtained from coal-CC blends. The ANOVA results confirmed the
relative significance of mix-ratio compared to process variables. However, in order to
properly investigate the effect of blending coal and biomass during co-pyrolysis, and
to address the question of synergy, product yields obtained from pyrolysis of the
individual fuels were presented and then compared directly with results of coal-
biomass blends from runs in the factorial experimental plan that were conducted

under the same conditions.

6.5 Influence of mix ratio

6.5.1 Products yields/distribution

Fig. 7-1 compares product distribution of the lumped gas, liquid and solid phase
products for various mix ratios of coal and biomass at 26 bars and 600°C. It shows
yield values for individual coal and biomass compared with coal-biomass blends of
95:5, 50:50 mix ratios (corresponding to runs #1 and #4 in the factorial plan shown in
Table 7-1). The results reveal approximate proportionality between product yields
and blend ratios. Measured gas production increased by 68% and 350% when 5%
and 50% respectively of BG was added compared to 49% and 300% increases from
CC. This means a significantly higher fraction of the volatiles released were
converted to gas in coal-BG blends than in coal-CC blends. On the other hand, the
increase in total volatiles as a result of adding biomass to the feed mixture was
higher for coal-CC blends than for coal-BG blends, due to the significantly higher
liguid condensate yield from CC. This result is generally in line with previous findings
from other authors using various types of coals and biomass, as well as pyrolysis

apparatus [2,4,6,13].
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Figure 6-1: Influence of mix ratio on overall product distribution and the distribution of liquid phase fractions

Furthermore, the study revealed that measured gas and condensate yields were
slightly higher than predicted for the blends, and the disparity was higher for 50:50
blends compared to 95:5 blends. This is likely due to the higher hydrogen content in
biomass causing increased liquefaction during co-pyrolysis. It has previously been
observed in liquefaction studies that hydrogen increases liquid yields [15-20]. As a
consequence of synergies noted from volatile products, experimental results for char
best matched predicted values for 95:5 mix ratios, while 50:50 blends showed higher
disparity between experimental and expected values. Park et al. [13], conducted
atmospheric fixed bed pyrolysis on mixtures of sub-bituminous coal and sawdust,

and observed similar trends for the measured and predicted char and gas yields.

The deviation between measured and predicted values of overall product yield were
generally within experimental error, except for the char yield values for 50:50 coal-
CC blends. On the one hand, this may suggest that deviations between experimental
and predicted values can be ascribed to experimental errors, and may lead to the
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conclusion that there are no interactions or synergy between the coal and biomass
samples during co-processing. This view is supported by previous findings from other
authors found in the literature [3,4,6,21,22]. On the other hand, the consistent,
systemic nature of such deviations for both mixture types studied here and in some
other studies [1,2,13], lends weight to the opposing view that synergies do occur

during co-pyrolysis of coal and biomass.

Pyrolysis condensates comprise of water soluble (pyrolytic water phase) and water
insoluble (tarry phase) fraction both of which condensed in the first ice bath. In
addition was a light volatile fraction consisting aerosols trapped in a solvent impinger
train. Fig. 7-1 shows the relative distribution of these fractions for the blends
pyrolyzed at 26 bars and 600°C. The production of all liquid fractions increased with
addition of CC to coal. In contrast, for coal-BG blends, the non-aqueous tar and light
condensates decreased with increase in the proportion of biomass in the feed blend,
implying that the aqueous fraction was mostly responsible for the increase in total

liquid products observed for same blends.

Deviations between experimental and predicted yield values of the various liquid
condensate fractions were most significant for 50:50 blends, particularly for the
aqueous fractions. As was the case for overall product distribution, the disparity
between experimentally obtained yields of the condensates fractions and the
predicted results was within experimental error. This highlights the uncertainty
regarding whether or not co-pyrolysis of coal and biomass proceeds in a non-
additive manner. Results of the analysis of volatile products presented in the

following sections will shed more light on possible synergistic reactions.
6.5.2 Compositional analysis of volatile products

6.5.2.1 Gas composition
Fig. 7-2 shows the composition of gas species produced during pyrolysis. It has been
shown from the previous chapter that biomass produces gas in higher yields than

coal. This is reflected in the approximately linear increase in CO,, CO, CH; and H;
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yields that result from increase in the biomass fraction in the fuel. This observation

agrees with previous findings by Meesri and Moghtaderi [3] from the atmospheric

co-pyrolysis of coal and sawdust, and by Sonobe et al. [2] from the atmospheric co-

pyrolysis of lignite and corn cobs. On the other hand, Zhang et al. [23] observed

higher levels of synergy in gas production, indicated by deviation from predicted

values.
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Figure 6-2: Influence of mix ratio on yields of gas species

146



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

Gas phase production at all mix ratios during pyrolysis is dominated by the carbon
oxides, CO, and CO. The results show that the higher than predicted gas yields
observed in Fig. 7-2 is mainly due to increases in CO, production. CO; is mainly
derived from the decomposition of mainly carboxylic compounds [24]. The higher
quantities of these oxides produced as a result of biomass addition highlights the
increased availability of unstable carboxylic precursors [2]. As have been shown in
the previous chapter, CH,; and H, are produced at later stages of pyrolysis mainly due
to secondary and tertiary reactions. CH, is formed from the cracking of primary tar
and aromatics [2]. During both coal and biomass pyrolysis, reactions that produce H,
(cracking of heavy molecular weight aromatics, depolymerization of phenyl groups
[25,26]) occur at high temperatures which explains the relatively low yields observed

in section 6.6.3.

6.5.2.2 Liquids composition

The chemical components in the combined condensate fractions obtained from the
blends were identified and quantified by GC-MS. Detected compounds were
grouped into the following functional groups; acids, alcohols, aldehydes, esters,
furans, ketones, nitriles, single ring aromatics, PAHs, and phenolics. The influence of
coal-biomass blend ratios on the yields of identified compounds by is shown in Table
A-3 (Appendix A). In Table 7-3, percentage differences between experimental and
predicted values for some variables derived from the quantification results have
been presented along with vyields. Predicted values were calculated based on the
additive model explained earlier. The almost complete lack of linearity in yield trends
of the components shown for either of the biomass blends is symptomatic of strong
synergistic behaviour or chemical interactions between volatiles during pyrolysis.
The elevated pressure at which these results were obtained ensures sufficiently high
residence times which will in turn encourage secondary reactions making it likely for
interactions to occur. However the possibility that these chemical interactions

occurred after condensation, i.e. outside the reactor, cannot be ruled out.
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Yields of phenolics and PAHs were substantially lower than should otherwise be
expected assuming additive behaviour at 5 wt% addition of either BG or CC in the
feedstock, while acids yields were higher. The proportion of the yield of acids,
alcohols, ketones, phenolics and other oxygenated groups represented in the total
liguid hydrocarbons produced are described by the term ‘oxygenates’ in Table 7-2.
Upon addition of 5 wt% of BG and CC to the feed, oxygenate yield obtained was
higher than predicted by 24% and 34%, respectively. PAH’s and aromatics which
make up the bulk of the remaining organic condensates are 0.5 and 3.5 times lower
than expected at the same level of BG and CC addition, respectively. The increase in
oxygenate yield at 5 wt% biomass content despite the observed decrease in
phenolics (and ketones for coal-BG blends) is mainly due to the strong increase in
acid yields. The decrease in yield of phenolics and other oxygenates at the seeming
expense of PAHs is in agreement with previous observations by Jones et al. [1] in
their study of the atmospheric, slow heating rate co-pyrolysis. They observed that
PAH production was suppressed when coal and pinewood was pyrolyzed in
combination, resulting in predominantly oxygenated condensates. PAHs from coal
are formed from the repolymerisation of liberated phenyl derivatives and other
hydrocarbon radicals released during bond scission [14]. The reduction in PAH yields
as a result of pyrolysis in combination is likely due to the action of reactive
oxygenated free radicals from biomass reacting with the unsaturated aromatics from
coal and preventing them from recombining to form long chain hydrocarbons such

as PAHs.

For both blends, the yields of acids were relatively more proportional with mix ratio,
even though the observed yields were consistently higher than predicted. Acids
(mainly acetic, propanoic, and butanoic acid) in tar are mainly derived from
carboxylic fractions of cellulose and hemicellulose in biomass. The increase in acids
beyond what would be expected from purely additive behaviour of the combined
feedstocks implies that reactions pathways that produce these acids are favoured.
These reactions include carbonylation, hydrocarboxylation of phenolics, and

oxidation of aldehydes [26].
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Furthermore, Table 7-3 also reveals that suppression of polycyclic and monocyclic
aromatics can also be observed in the 50:50 blends. Interestingly, decrease in PAH
yields due to addition of biomass was less severe in the 50:50 blend (7 and 31 times
less than predicted for BG and CC respectively) than in the 95:5 blend where the
yields are 5 and 6.5 times less than predicted. On initial inspection, this leads to the
seemingly paradoxical conclusion that the severity of synergistic reactions is lower at
higher biomass mix ratios. It must however be considered that the same oxygenated
radicals that suppress PAH production are also in demand during secondary
reactions of biomass vapours for the production of oxygenates [26,27]. The balance
between this two competing reactions is likely shifted towards the production of
oxygenates at higher biomass composition in the feedstock mix and would explain
why higher biomass mix ratios do not necessarily lead to higher levels of synergy in
terms of PAH suppression. It may also explain the observed reduction in yield of
oxygenates like phenolics, ketones and aldehydes (Table 7-2 and 7-3) for blends with

lower biomass composition.

6.6 Influence of process variables

6.6.1 Product distribution

Fig. 7-3 shows the normal probability plot for total liquid yields. It can be observed
that for both coal-BG and coal-CC blends, the main positive influence on total
condensate production was wt% biomass in the feedstock. Standardized t-values of
approximately 15 and 52 respectively imply a stronger effect on liquid yields when
BG and CC are added to coal. This is in accordance with the previously reported
influence in mix ratio presented in Fig. 7-1. This section will focus more on the

influence of the other two factors studied; temperature and pressure.

Temperature produced similarly significant positive impact to a lesser extent on both

coal-cc and coal cc blends as indicated by the standardized t-values (x-axis of Fig. 7-
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3). Pressure on the other hand is shown to have a negative effect on liquids
production from both blends. Interaction between mix ratio and pressure and
interactions between temperature and mix ratio were the next important influences.
The former caused a reduction in liquid yield and the later had a positive effect.
Relative significance levels for these factors and their interactions are confirmed by

the p-values given in Table 7-2.

Figure 6-3: Normal probability plot for total liquid yields

It is clear that mix ratio had a far more significant effect on devolatilization
characteristics than temperature and pressure within the range studied. However,
studying in more detail the effects of temperature and pressure on devolatilization
behaviour of the blends can still be of interest. Particularly because these factors are
known to vary during gasifier operation, and it would be helpful to know what
impact such variation might have on the yield and composition of volatile products.
To investigate the influence of pressure and temperature in more detail therefore,
response surface plots have been generated from the regression model based on the
factors that has been identified to have significant effects (Table 7-2) for both coal-
BG and coal-CC blends. An indication of the reliability of the response model is given
by the LOF values in Table 7-2. The p-values of 0.67 for coal-BG and 0.16 for coal-CC

indicate that it is not significant relative to pure error.
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Fig. 7-4 shows the response surface of liquid yields from 95:5 wt% and 75:25 wt%
coal-BG and coal-CC blends, as a function of the pyrolysis variables, temperature and
pressure. Liquid yields from all mix ratios increases with temperature and decreases
with pressure at a lesser rate. The observed increase in pyrolysis liquid yield from

coal-biomass blends due to temperature in the range 400-600°C is in line with
previous findings from literature [2,3,28,29]. Studies on the influence of pressure are
much less available. Collot et al. [6] on the fast pyrolysis of 50:50 coal-wood blends

at 850°C observed a decrease in liquid yields from 29 wt% to 23 wt% when pressure
was increased from 5 to 20 bars.

B 5 wt% BG

5wt% CC
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Figure 6-4: Influence of temperature and pressure on total liquid yields at 5 wt% and 25 wt% biomass blends
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As mentioned in earlier sections, the total liquid yields in this study were made up of
a tar, aqueous and light condensate fraction. The tar phase contains the bulk of
hydrocarbons of the most commercial value i.e. phenolics and PAHs [30]. Fig. 7-5
shows the response surface plots for yields of the tar fraction of 5 wt% and 25 wt%
blends. The most significant factors influencing tar production in order of decreasing
importance are wt% of biomass, pressure, and temperature (Table 7-2). Again
focusing on factors related to operating conditions, temperature had a positive
effect on tar yields from coal-CC blends, but the effect on yields from coal-BG blends
was less obvious. Tar production from BG blends peaked on or before 400°C,
decreased slightly at 500°C and increased again as temperatures approached 600°C.
This is consistent with the observation in Fig. 7-1 that showed that at 600°C, BG
produced lower yields of tar fraction liquids than CC. This varying behaviour between
the biomasses can again be linked to the differences in the physical characteristics of
the fuels. BG devolatilizes more rapidly than CC as a result of its smaller particle size
distribution and consequently the escaped volatiles are more readily cracked into
lower molecular weight gases as pyrolysis temperatures increase beyond 400°C. This
behaviour combined with the fact that tar production from coal starts at higher
temperatures (closer to 600°C) explains the dip in tar production between 400 and
600°C for Coal-BG blends. The larger CC particles decompose more slowly such that

tar production steadily rises through the temperature range studied.

The results also show that pressure has a stronger, albeit negative, effect on tar
production (quadrupling from <1 wt% to approximately 4 wt% at 75:25 coal-BG mix
ratio) compared to total liquid yields (7-12 wt% at same mix ratio). This indicates that
at elevated pressures more cracking of the heavier hydrocarbons is prominent due
to the extended residence times. A similar trend can be noticed for coal-CC blends.
This is confirmed by the p-values in Table 7-2 which shows pressure had a more

significant effect on tar production than temperature.
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Figure 6-5: Influence of temperature and pressure on tar yields at 5 wt% and 25 wt% biomass blends

6.6.2 Compositional analysis of volatile products

6.6.2.1 Gas composition

The influence of operating parameters — pressure and temperature — on the
production of CO,, CO, CH,, and H, from 95:5 wt % coal-biomass blends are shown in
Figs. 7-6 and 7-7. It must be noted that there was significant lack of fit for much of
the gas specie yields (Table 7-2) indicating a relatively poor fit of the model in
predicting gas yields and/or pure error variability. Nevertheless, the trends observed
are reasonable and are largely consistent with the literature. The results show that
the production of all gas species was positively correlated with temperature and

pressure in the 400-600°C and 1-26 bars range for the coal-BG blend. As has earlier
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been established, high pressure favour gas production as a consequence of increased
residence times which allow for more cracking of volatiles. High temperatures also
favour the decomposition of volatiles and mild gasification of chars [31]. High CO,
production could be the results of secondary carboxylation reactions which are

encouraged by long vapour residence times allowed under the pressurized
experimental conditions employed.
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Figure 6-6: Influence of temperature and pressure on gas species production from 25 wt% BG blends

A similar trend of higher gas specie yields with increase in pressure was observed for
coal-CC blends except for CO whose production dipped with increasing pressure (Fig.
7-9). Mok and Antal [32] reported increases in CO, and H, yields with pressure from
the pyrolysis of cellulose, but noted decreases in CO and CH,. On the other hand,

Arendt et al. [33] noted increases in CHy yields from coal pyrolysis due to pressure.
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Figure 6-7: Influence of final temperature and pressure on gas species production from 25 wt% CC blends

6.6.2.2 Liquids composition

Figs. 7-8 and 7-9 shows the influence of temperature and pressure on the

composition of combined liquid phase hydrocarbons in both coal-BG and coal-CC

blends. The relative significance of factors for each of the responses shown can be

found in Table 7-2 as indicated by the p-values. It can be observed that acid yields for

coal-BG was relatively unaffected by temperature while from coal-CC blends, acid

yields increased at first and then decreased after 500°C. Temperature had a

generally positive influence on the production phenolics from coal-CC as did

pressure, in contrast to coal-BG blends where a reduction in yields was observed.
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The literature also shows mixed results for the influence of temperature on yields of

phenolics. Sanchez et al. [34] observed a decrease in phenols production while other

authors observed a decrease [35]. Phenols are derived mainly from the

decomposition of lignin in biomass [26,36]. Phenols from coal are produced via the
recombination of phenyl radicals liberated during primary devolatilization [37]. The
presence of phenyl groups in coal — in common with lignocellulosic biomass — is not
surprising given that coal is thought to be the product of long term decomposition of
biomass [38]. Similarities between coal and lignin have led to the hypothesis that the

bulk of coal in fact originates mainly from the lignin fraction in biomass [39].

Oy | ERE:]

28 — Rk

26 B <15

o 5 B <13

p %-2 <11

z 2w
2 z 18
~ 8 16
% Z 1.4
3 5 1
o 7 10
% g 08
2 of

=i

=,

= o @ M

ED AR SOR VRO L

Figure 6-8: Influence of temperature and pressure on key aspects of liquids composition from 25 wt% BG

blends
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Overall, total liquid hydrocarbon yields for coal-CC tended to increase slightly before
levelling out over the temperature range studied, whereas for coal-BG blends, an
initial decrease was mostly observed. This can again be linked to their differing
densities and particle size. The smaller BG particles are already mostly fully
devolatilized (primary decomposition) at 400°C such that at higher temperatures
than that, secondary and tertiary reactions are favoured leading to less liquid
hydrocarbons. On the other hand, the larger particle sizes of CC sees primary
devolatilization occurring for longer, up till 500°C, after which secondary and tertiary
decomposition takes place as shown by the dip in liquid hydrocarbons productions
between 500 and 600°C. The effect of pressure on the other hand was mostly
negative for production of liquid hydrocarbons shown. This is to be expected as
higher pressures and residences time implies more time for secondary

decomposition reactions.

Figs. 7-8 and 7-9 also show the influence of operating parameters factors on yield of
PAHs. The relatively higher p-values for LOF (Table 7-2) indicate the model’s
predictions are reasonably accurate for the range of temperature and pressure
studied. It can be observed that pressure was more important for PAH yields than
temperature, for both coal-BG and coal-CC blends. However, whereas the effect of
pressure was positive on coal-BG blends, the opposite was true for coal-CC blends.
PAHSs constitute much of the heavy molecular hydrocarbons in tar [40]. A number of
reaction pathways have been suggested for the production of PAHs. They may be
formed via the decomposition of long chain aromatics within the coal structure [24].
PAHs can also be formed by Diels-Alder reaction [34,41] which involves
aromatization and dehydrogenation of aliphatics liberated during coal
devolatilization. PAHs can also be produced via the deoxygenation of phenols and
cresols or via recombination of phenyl and other aromatic radicals [26,40,42].
Pressure/residence time and temperature have been known to have mixed effects
on PAH production as reflected in these results. On the one hand, long residences

times allow for the formation reactions described above leading to increased PAH
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yields. On the other hand, severe pyrolysis conditions could lead to cracking of the
phenyl rings into short chain aromatics which may be the case for the observed
reduction in yields from coal-CC blends shown in Fig. 7-9. It may also be the case that
PAHs production peaked quicker in coal-CC blends than in coal-BG blends. This may

explain why increased residence times time caused by elevated pressures led to

increase in PAH production from coal-BG, in contrast to coal-CC.
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Figure 6-9: Influence of temperature and pressure on key aspects of liquids composition from 25 wt% CC
blends
In the range of co-pyrolysis conditions employed in this work, product yields of the
different condensate fractions and chemical groups revealed a generally much
weaker dependence on process variables like temperature and pressure, compared

to changes in the feedstock mix ratio. This implies that the impact of increasing the
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biomass proportion in a coal-biomass mix on co-pyrolysis behaviour will be more
significant than changes due to variation in process conditions between 1 and 26
bars and/or 400°C and 600°C. Nevertheless, some useful inferences can still be
drawn on the influences of temperature and pressure on the co-pyrolysis process.
Figs. 7-4, 7-8 and 7-9 show that, consistent with findings in the literature,
temperature had a generally positive influence on the yields of the various liquid
condensate fractions whilst pressure had a negative impact [14,43]. It is well known
that as temperature increases during pyrolysis of a solid fuel, the yields of liquid
products formed due to devolatilization increases up to a certain point, after which
further heating will cause a reduction as more and more of the heavier volatiles are
cracked into non-condensable gases [44]. The temperatures at which maximum
liguid production occurs is generally higher for coal (600-700°C) than for biomass
(300-500°C), although the exact values also depends on other factors such as
feedstock type and particle size, reactor pressure, bed density, and residence time
[14,43]. Fig. 7-8 demonstrates that in their respective blends with coal, the peak

production of condensates occurs at a lower temperature for BG than for CC.

The effect of pressure on total condensate yield during devolatilization is generally
negative as Fig. 7-8 confirms for both coal-BG and coal-CC feedstock blends. Pressure
affects pyrolysis product yields in two important ways; mass transport and secondary
reactions [32,45]. At high pressures, primary pyrolysis reactions are suppressed due
to the restricted transport of volatiles from the site of formation to the surface of
the fuel particle and into the bulk volatile phase. This is caused by the reduced
pressure drop in the particle pores which occurs at elevated external pressures. The
extended residence time of intra particle volatiles favours secondary reactions (tar
cracking, char-forming) between volatiles that have already escaped leading to the
increased production of lighter, more stable gas and solid products at the expense of

the relatively less stable tar phase products [32].

It can also be observed that the various liquid fractions react differently to variations

in temperature and pressure conditions. Whereas as Fig. 7-4 and Table 7-2 shows,
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temperature had a higher significance level than pressure on total liquid yields, the
yield of hydrocarbons represented by the tar fraction, as well as condensate groups
such as acids, phenolics, and PAHs, showed the opposite trend. This means that
pressure had the greater influence on the distribution of the fractions and chemical
groups that make up the liquid condensates. Although it must be noted that both
process based factors had overall very limited significance on these products. The
main route by which pressure affects pyrolysis is to increase intra-particle and inter-
particle residence times thereby allowing more time for vapour phase reactions
[32,45]. This is largely consistent with the observation made earlier that the long
residence times allowed by the conditions employed in the study which encouraged
interactions which were sufficiently vigorous to affect the distribution of specific

chemical components within the condensate phase.

6.7 Comments on synergistic behaviour

The present study demonstrates that the overall yields of chars, aqueous liquids, tar
and gas products obtained from co-pyrolysis of coal with biomass of different
particle sizes and structure, matched well with values calculated based on the
absence of synergistic or additive effects, within experimental error. Many previous
reports [3-6] based on experiments conducted mostly under atmospheric conditions
show the same non-additive trend for volatile and char yields during co-pyrolysis.
Indeed the same non-additive trend has been observed even between more closely
mixed constituents such as maceral concentrates in coal [6,46-48] and lignocellulosic
components in biomass [6]. This is in stark contrast to results of TGA experiments for
the same samples where the effects of synergy were clearly observable [44]. This
may be due to the more intimate mixing made possible by the micro-scale particles
(<212 pm particles; 5-20 mg sample size) employed in the TGA experiments,
compared to the macro-scale conditions (2-20 mm; 100 g) used in the present paper.
At micro-scales, heat and/or mass transfer limitations are negligible thus posing no

constraints to interactions between coal and biomass [47].
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In contrast to lumped product yields, a distinct non-proportionality was observed
between coal-biomass mix ratios and the observed yields of specific volatile species
and functional groups such as H;, CO, CO,, CHg, acids, furans, ketones, phenolics,
PAHs and other mono and heterocyclic aromatics. This suggests the presence of
significant chemical interactions in the vapour phase between volatiles obtained
from the contributing feedstocks some of which were described in the previous
section. For instance, the increase in acids was significantly beyond what would be
expected assuming no interactions. There was also a comparably less drastic
increase in the composition of total oxygenates at the various mix ratios, and a
corresponding decrease in the percentage of mono and polycyclic aromatics. This
trend is in agreement with previous observations by Jones et al. [1] in their study of
the atmospheric, slow heating rate co-pyrolysis of coal and pinewood. PAHs from
coal are mainly formed from the repolymerisation or cross-linking of liberated
phenyl derivatives and other hydrocarbon radicals released during bond scission
[14]. The reduction in PAH yields as a result of co-pyrolysis was likely due to the
action of reactive oxygenated free radicals from biomass reacting with the
unsaturated aromatics from coal and preventing them from recombining to form
long chain hydrocarbons such as PAHs [1,27]. Table 7-3 also showed that on average,
the yield of oxygenates (particularly acids and furans) and polycyclic aromatics
deviate more severely from their predicted values at 95:5 than at 50:50 mix ratios.
On initial inspection, this leads to the seemingly paradoxical conclusion that the
severity of synergistic reactions is lower at higher biomass mix ratios. However, as
Cao et al. [27] showed, the same oxygenated radicals that suppress PAH production
are also in demand during secondary reactions of biomass vapours for the
production of oxygenates. The balance between these two competing reactions is
likely shifted towards the production of oxygenates at higher biomass composition in
the feedstock mix and would explain why higher biomass mix ratios do not
necessarily lead to higher levels of synergy in terms of PAH suppression [24,25].
There are numerous other such reactions during pyrolysis that highlights the
complexity and heterogeneity of the process. The slow heating rate, fixed bed

reactor design, and elevated pressure employed in this study ensures sufficiently
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long residence times for these reactions to occur, further increasing the complexity

of the process and reducing its predictability.

These observations may help to resolve the apparent contradiction in co-pyrolysis
studies on whether or not there is synergy. Researchers who study the distribution
of major products such as char, total liquids and gas tend to find no evidence of
synergy [3-6] while those who study the composition of tars tend to conclude the
opposite [1,2,50]. This study shows that this may be because while the vapour phase
interactions outlined above are sufficiently significant to disrupt the proportionality
expected between vyields of specific volatile species and feedstock mix ratio
(assuming no synergy), they do not seem to overtly influence phase equilibria or the
overall distribution of gas, liquid and solid products. This is consistent with the
common hypothesis made by a number of researchers that for engineering
purposes, the distribution of lumped products (gases, liquids and solids) obtained
from co-pyrolysis of coal and biomass can be reliably estimated based on the

corresponding yields of the individual parent materials.

Effects of particle size differences and their influence on transport phenomena in the
biomass fuels are also reflected in their behaviour when blended with coal during co-
pyrolysis. It was observed from Fig. 7-5 that deviations between observed and
predicted values were higher in coal-CC blends than in coal-BG blends, implying
there is a higher level of non-additive or synergistic behaviour caused by vapour
phase interactions in the former. The differences in the reaction of the various
blends to increases in temperature as shown in the response surface plot for liquid
and tar vyields (Figs. 7-8 and 7-9 respectively) also reflect the differences in mass
transfer rates in CC and BG particles. The different temperatures at which liquids are
produced from the coal and BG fractions are visible on the coal-BG response plots.
Substantial condensate production from coal starts at temperatures higher than
500°C when primary decomposition that produces condensates from BG is already
nearly complete due to the more rapid devolatilization resulting from its smaller

particle size. This was less obvious in the coal-CC plots where the larger particles of
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CC ensures slower evolution rates of biomass (Chapter 6, Table 7-2) such that the
evolution of liquids production rises steadily through the temperature range studied,
thereby ensuring an almost uniform increase in liquid and tar production as
temperature increases between 400°C and 600°C. Similar to liquid yields a curvature
in the temperature axis of the tar yield response plots for coal-BG can also be
observed in Figs. 7-8 and 7-9. The trend can again be explained by the smaller
particle sizes of the BG fraction which ensure that volatile evolution rates occurred
more rapidly than from CC. Consequently, the escaped volatiles are more readily
cracked into lower molecular weight volatiles and gases as pyrolysis temperatures
increase beyond 400°C. This behaviour combined with the fact that tar production
from coal starts at higher temperatures (closer to 600°C) explains the dip in tar
production between 400 and 600°C for Coal-BG blends. The larger CC particles
release volatiles more slowly such that tar production rises steadily through the

temperature range studied.

6.8 Conclusions

Results of investigation into the influence of mix ratio on pyrolysis yields show
limited evidence of non-additive or synergistic behaviour on the overall distribution
of solid liquid and gas yields. On the other hand, in terms of the distribution of
specific liquid phase hydrocarbons, the evidence is in favour of synergistic pyrolysis
behaviour. From these observations, it can be concluded that predicting the overall
distribution of phases (solid liquid and gas products) from co-pyrolysis/co gasification
is relatively straightforward according to a simple additive model. However,
predicting specific gas and liquid compositions is a much harder task which cannot
be predicted via additive models. The influence of temperature and pressure within
the range of 400-600°C and 1-26 bars on the yield and composition of volatiles were
also investigated via a factorial design. Elevated pressure generally led to lower
liquid hydrocarbon yields while temperature had mixed effects depending on the

biomass type in the blends.
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7 Gasification process modelling and economics

This chapter reports on the investigation of the thermal characteristics of char
obtained from previously reported pressurized pyrolysis experiments. Also, a semi-
empirical ASPEN model was developed to simulate gasification performance based
partly on the char and volatiles characterization results, and on equilibrium
modelling principles. Simulation results from the model informed an economic

evaluation of the impact of co-gasification on syngas production costs.

7.1 Introduction

The possibility of co-gasifying of alternative feedstock with coal has received a lot of
attention in recent decades as it offers a realistic approach to reducing GHG
emissions, while diversifying fuel supply options [1-5]. Gasification of any solid
feedstock (coal, petroleum coke, municipal waste or plant biomass) comprises of
two main process steps — pyrolysis and conversion of residual chars in gasification
reactions [6]. Pyrolysis takes place in parallel with drying of the feedstock and usually
occurs in the 300-800°C range, resulting of the decomposition of the feedstock into
solid, liquid and gas phase components. Results from the study of pyrolysis
behaviour of the fuels used in this thesis — obtained under conditions relevant to
industrial updraft gasification — were presented in Chapters 3-7. Chapters 6 and 7 in
particular give the composition and yields of devolatilized products. Those results
show that about 15 wt% of coal and 70 wt% of biomass are devolatilized during the

pyrolysis process.

Pyrolysis is followed by the conversion of solid char products via a number of

combustion and gasification reactions (eqns 1-7 [6]).

Combustion/oxidation: Char + 0, = CO, (1)
Partial oxidation: Char+0, - CO (2)
Steam gasification: Char + H,0 = CO + H, (3)
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Methanation: Char + 2H, ¢> CH, (4)
Boudouard reaction: Char + CO, > 2CO (5)
Water-Gas Shift CO +H,0 ¢ CO, + H, (6)
CO methanation: CO +3H, > CH4 + H,0 (7)

In practice, gasification generally occurs at temperatures (800-1300°C) high enough
to minimize the effect of kinetic barriers [7]. Consequently, thermodynamic models
based on the assumption of chemical equilibrium has often been successively
employed to predict the gasification performance of both coal and biomass
feedstock [8,9]. This has been done for a variety of gasifier types including entrained
flow [10], fluidized bed [11], downdraft [12] and updraft reactors [13,14].
Equilibrium modelling is based on either stoichiometric or non-stoichiometric
approaches. In the former approach, product yields are calculated from the
stoichiometric reaction mechanism involved in the gasification process (eqns 1-7).
The non-stoichiometric approach minimizes the Gibbs free energy of the system
without specifying any particular reaction mechanism [11,12,15]. As have been

previously shown, the two approaches give essentially equivalent results [15].

In this chapter, the non-stoichiometric equilibrium approach was applied to
simulating the updraft gasification of coal, and blends of coal with corn cobs and
sugarcane bagasse. In updraft gasifiers, only the char comes into contact with the
oxidant as the volatiles would have been released higher up the gasifier. This is in
contrast to fluidized and entrained flow reactors where both volatiles and char are
oxidised [6]. As a result particular attention has been paid to assessing the thermal
characteristics and reactivity of residual chars obtained from previous pyrolysis and
co-pyrolysis experiments. The observed char properties, combined with vyield
distribution results from previous chapters are provided as inputs to an Aspen Plus

model designed to simulate updraft gasification conditions.
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7.2 Material and Methods

7.2.1 Char characterisation.

Chars of coal, sugarcane bagasse (BG) and corn cobs (CC) and their blends (at 95:5
and 50:50 mix ratios) obtained from pressurized pyrolysis experiments described in
Chapter 6 were used. Representative char sub-samples for experiments were
obtained according to CEN/TS 14780/2005 [16]. C, H, and N contents in the samples
were determined according to ASTM D5373 [17]. Sulphur was determined according
to ASTM D4239 [18]. Higher heating value was determined using BS EN 14918:2009
[19], while proximate analysis was conducted according to ASTM E1131 [20]. The
results of the ultimate and proximate analyses for the samples used are presented in

Table 8-1.
Table 7-1: Proximate and ultimate parameters of pyrolysis chars

Properties BG Char CC Char Coal char

Ultimate analysis (wt%, daf)

C 82.9 75.8 82.6
H 0.6 1.5 2.0
N 1.0 0.9 2.5
S 0.2 0.1 1.0
o' 15.5 21.9 12.2
HHV (MJ/kg) > 21.9 25.0 15.7
Proximate analysis (wt%)

Initial moisture 0.9 1.2 0.7
Volatiles 9.1 10.6 12.0
Fixed Carbon 69.7 85.0 43.0
Ash 20.2 3.2 44.3

! obtained by difference
’Calculated via correlation with elemental values using the formula [5]:
HHV=0.3491*C+1.1783*H+0.1005*5-0.1034*0-0.0151*N-0.0211*Ash

(MJ/kg)
7.2.2 Char reactivity measurements
The CO; gasification reactivity of the char that was measured at isothermal condition
by using a Mettler Toledo TGA/DCS 1 analyzer. The char samples were milled to
particle sizes less than 200 um. In an inert atmosphere of pure N,, the char was

heated from ambient temperature to 1200°C at a heating rate of 20°C min™ and
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maintained at the temperature for 20 minutes to ensure complete drying and
devolatilization of remnant volatiles. Thereafter the samples were cooled to the test
temperature of 1000°C and the purge gas was switched to the reactive CO, gas
flowing at 150 ml min™. The char was gasified until constant weight was achieved.
Runs were repeated at least twice to ensure reproducibility. From the mass versus
time data, conversion X, for each run was calculated as;

Wy — Wi

X=—
Wo — Wgsh

where w,, w; and w,y, are the initial, instantaneous, and final mass values

respectively The instantaneous reactivity R; was calculated using the formular;

R; = <_%>/(Wi — Wasn)

7.2.3 Aspen Plus modelling

An updraft, dry bottom (i.e non-slagging), fixed bed gasifier was modelled in Aspen
Plus®, based on the thermodynamic equilibrium approach for char gasification,
combined with empirical pyrolysis data. A block diagram of the model is shown in
Fig. 8-1. The empirically based pyrolysis section was based on product yield data
obtained from the previous sections, and athe equilibrium modelling section
simulated the equilibrium gasification of residual char leaving the pyrolysis zone.
Residual char move downwards in an updraft gasifier countercurrent to meet the
hot gases rising into the gasification and combustion zones. Properties such as
volume, entropy, fugacity coefficients and Gibbs free energy for each component
were based on the Redlick-Kwong-Soave equation of state [21,22]. Aspen Plus
differentiates between conventional and non-conventional streams. Conventional
streams comprise fluids defined as MIXED stream and pure solids (defined as
CISOLIDS). Non-conventional streams such as coal, biomass, char, and ash cannot be
processed directly in phase or chemical equilibrium calculations. In order to simulate
non-conventional streams, the user must input details of the stream composition

such as ultimate analysis, proximate analysis and sulphur analysis [23].
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d

GASIF

STEAM
ASH

7-1: ASPEN PLUS model flowsheet

At the top of the updraft gasifier the feedstock is dried and devolatilized by the hot
rising gases from the bottom. This section is represented by the blocks, DEVOL-C and
DEVOL-B for the coal and biomass feedstock respectively. These devolatilization
blocks are fed by the streams Feed-C and Feed-B. Coal-biomass mix ratio is
controlled by a block where the user can set the biomass fraction from any value
between 0 and 1. These RYIELD blocks simulate the drying and devolatilization of the
feedstock into water, gases (CO, CO,, CH4, H>), tarry phase liquids (naptha, cresol,
phenol), agueous phase liquids (acetic acid, acetone), and char. The distribution of
these devolatilization products were based on previously experimentally determined
values presented in Chapter 6. It was assumed that the product distribution from
devolatilization and subsequent char gasification of blends followed an additive rule,
i.e. are the result of the weighted addition of the contributing coal and biomass
values. As was previously shown in Chapter 7, synergistic interactions between coal

and biomass during co-pyrolysis do not significantly influence the distribution of
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lumped products (i.e gases, solids, aqueous and non- aqueous phase liquids) from

their blends.

Table 7-2: Properties of Kentucky No. 9 coal [21]

Ultimate analysis (wt%, as received)

C 59.6
H 5.3
N 1.2
S 3.5
0] 15.0

Proximate analysis (wt%)

Moisture 8.2
Fixed Carbon 43.4
Volatile Matter 33.0
Ash 15.4

Separators (PYSEP-C and PYSEP-B) remove the char (via streams CHAR-B and CHAR-
C) from the volatiles (streams VOL-C and VOL-B) and sends the former to the
combustion and gasification sections which are modelled in the following manner.
The RYIELD reactors, DECOMP-C and DECOMP-B break down the chars into their
elemental components and ash. The distribution of char into these components is
achieved by means of the FORTRAN subroutine F-DECOMP based on ultimate and
proximate analyses of the chars given in Table 8-1. The broken down char
components from both biomass and coal fractions are mixed with the oxygen and
steam reactants in COMBMIX before being passed to the RSTOIC reactor, COMB for
combustion. Partial oxidation of the chars carbon content converts 100% of the
oxygen feed to produce CO and CO, according to egn (1) and (2). Combustion
products are then passed to GASFR, where unreacted carbon undergoes steam
gasification (egn 3) and the Boudouard reaction (egn 5), such that 90% of the CO,
and 50% of the steam is converted [22]. The separator block ASHSEP removes the
ash and sends the fluid components to the RGIBBS reactor GASEQUIL for
equilibration based on the gas phase reactions shown in eqns (6) and (7). Product
gas from GASEQUIL proceeds to the mixer, PRODMIX where they are combined with

pyrolysis volatiles from PYSEP-C and PYSEP-B, to form the raw syngas.
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Experimental conditions and results from a FBDB gasifier obtained from a previous
study by Barker et al. [21] were used to calibrate the model. Kentucky No. 9 coal was
used in that study with properties as shown in Table 8-2. A comparison of the results
of the experimental and predicted gasifier outputs is given in Table 8-3. The results
show that predictions reasonably matched actual gasifier output, especially
considering that the elemental composition of tar from the gasifier (representing
5.6% of the dry and ash free coal [21]) was unknown and had to be assumed. Further

details of the model and parameters used for each block can be found in Appendix A.

Table 7-3: Comparing actual gasifier outputs with model predictions

Experimental [21] This study
Inputs
Oxygen/Feed kg/kg,daf) 0.413 0.413
Steam/Feed (kg/kg,daf) 1.66 1.66
Pressure (bars) 32 32
Dry syngas composition (mol %)
H, 40.80 44.09
(6(0) 15.90 16.11
CO, 30.60 28.47
CH, 9.40 9.34
C+ 0.90 0.00
N, 0.90 0.79
H,S 1.50 1.19

7.3 Results and Discussion
This section is divided into three main parts, results of the char characterisation and
reactivity, results of the ASPEN gasification modelling and lastly an evaluation of the

economics of syngas production based on results of the simulation.

7.3.1 Char properties and reactivity

Fig. 8-2 is a graphical illustration of the proximate analysis of chars relative to the
raw feedstock properties. As expected a higher fraction of volatile matter was
removed from the biomasses (CC and BG) than from coal during the pyrolysis. In

coal, the reduced amounts of volatiles and fixed carbon found in the residual char
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suggest that the pyrolyzed fraction was derived from both the volatiles and fixed
carbon contents of the raw feedstock. In biomass however, the volatile content in
the raw fuels was mainly responsible for weight loss during pyrolysis. In coal, part of
the fixed carbon is also consumed during pyrolysis, such that its percentage
contribution to the total dry mass drops from 43 wt% before pyrolysis (i.e. in the raw
fuel) to 33 wt% afterwards (Fig. 8-2). There is on the other hand, a relative increase
in fixed carbon content after pyrolysis in biomass (7-21 wt% for BG and 16-25 wt%
for CC) which may indicate the extent of char forming secondary reactions of the
devolatilized vapours in these materials. This is consistent with the view expressed in
previous chapters that secondary reactions were more prominent in BG, followed by
CC and then coal (Section 6.6.2 and 6.7). A slight reduction in the proportion of ash

was also observed for the chars, which may be attributed to experimental error.

100

BG BG Char cC CC Char Coal Coal Char

O Pyrolyzed fraction Volatiles E FixedC A Ash

Figure 7-2: Comparing proximate analysis of raw fuels and their chars (obtained at 600°C and 26 bars)

Fig. 8-3 shows the effect of blending on the proximate analyses of the chars. Fixed
carbon increased by 2 wt% and 10 wt% upon the addition of 5 wt% and 50 wt% BG
and by 5 wt% and 15 wt% for the corresponding coal-CC mix ratios. The fixed carbon
and volatile matter content generally follows an additive trend as indicated by the
closeness between experimental and calculated values. Calculated results were

based on the weighted sum of values for the individual contributing feedstock (see
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section 7.3.1). This provides justification for treating char gasification of coal-
biomass blends as a function of the mix ratio (by mass) as previously suggested by

other authors [24,25].

100
—l—Fixed C
80 —4— Volatiles
------------- Predicted
% 60
S a0 ¥
2
20 - ]
0 ﬁ 1
0% 20% 40% 60% 80% 100%
% BG in raw feed
100
—l— Fixed C
80 —o— \/olatiles
-------------- Predicted
——
0% 20% 40% 60% 80% 100%
% CC in raw feed

Figure 7-3: Influence of blending on proximate analysis results of coal-BG and coal-CC chars (Fixed-C = Fixed

Carbon)

Conversion versus time graphs obtained from CO, gasification reactivity
measurements of the single fuel and blends chars at 1000°C, are shown in Fig 8-4. It
is recognized that char reaction with steam (eqn 3) also takes place during the FBDB
gasification. Steam gasification, like CO, gasification, is a function of structural
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properties such as the surface area and porosity, and the intrinsic reactivity

dependant on the surface chemistry and catalytic effect of the inorganic compounds

[53]. In this work however, only CO, gasification reactivities are presented.
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Figure 7-4: Conversion-time plots for Coal-BG and Coal-CC char blends

The figures illustrate that complete conversion of the biomass chars in reaction with
CO, is achieved in less than 1 hour compared to over 4 hours for coal. The changes in
instantaneous gasification reactivity with conversion are depicted in Fig 8-5.
Reactivity in CC is about one order of magnitude greater than for BG and Coal. Also a
drastic increase of reactivity can be observed as conversion proceeds in CC chars,
compared to BG and coal were reactivity remained relatively constant for a while

before dropping off towards the tail end of conversion.
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The increase in char reactivity in CC could be the result of pore enlargement as the
gasification reactions occurred, causing successively more active sites to be
accessible for heterogeneous gas-char reactions to take place [28]. However, as Di
Blasi et al. [27] cautioned, care must be taken in interpreting shape of the reactivity
curves of biomass chars because of the absence of a regularity in their structure,

compared to coal chars.

The results further show that the reactivity of char blends, even at 50:50 mix ratios,
was close to that of pure coal char. This is to be expected because, based on yield
distributions reported in Chapter 6, it can be estimated that 97-98% and 70-80% (dry
and ash free mass) of the blended char at 95:5 and 50:50 mix ratio is coal derived. In
order words, a disproportionately large part of the char from blended fuels is derived
from coal, since most of the biomass material is removed in the devolatilization zone.
These results suggest that the addition of biomass to coal does not impose any
kinetic limitation on the gasification of blended chars, rather the blended char
decomposes at approximately the same rate as 100% coal chars. Steam gasification
is known to be affected by the same factors that affect CO, gasification; as such it can
be assumed that the behaviour described above can be considered a reasonable

gualitative indication of steam gasification [27].

7.3.2 Gasification modelling

The mass and energy balance obtained for modelling the coal samples in this study is
presented in Fig. 8-6. The modelling was based on gasifier capacity of 44.4 t/hr,
corresponding approximately to the capacity of a MK IV Sasol FBDB reactor [6], or
the BGL? 1000 gasifier [29]. Steam-to-oxygen to feedstock ratios were targeted at

levels required to produce FT grade syngas (H,/CO ratio of approximately 1.8 [30]).

The ASPEN model used was based on the assumption that char gasification occurred

under thermodynamic equilibrium. The model did not take into account the kinetics

? British Gas Lurgi gasifier - the slagging version of the Sasol-Lurgi fixed bed gasifier
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of the process, although as previously shown from char characterization section, the

presence of biomass in char does not significantly change the kinetics of gasification

at fractions up to 50 wt%. The previous section also showed that the behaviour of

char blends did not deviate significantly from the weighted average of the

corresponding properties of the contributing fuels. Consequently, the gasification

performance of blends was modelled based on the weighted average of previously

described pyrolysis properties of coal and CC. The input conditions are shown in

Table 8-4, along with key model outputs, some of which has been illustrated in Fig.

8-6. Steam-to-oxygen ratios were kept constant for all blend ratios, at levels required

for 100% coal.

daf coal — 26.2 t/hr
C-19.36t/hr

0-4.7t/hr

others - 0.9 t/hr
moisture - 1.8 t/hr
ash - 16.5 t/hr

H-13t/hr ] =

Syngas

H, - 2.2 t/hr

CO -17.1t/hr

CO, - 31.9 t/hr

CH,- 3.3 t/hr

others - 1 t/hr

673 GJ/hr (HHV basis)

Condensates

25.7 t/hr H20

1.1 t/hr tars

48 GJ/hr (HHV basis)

773 Gi/hr (HHV basis)
Drying and
e -~ pyrolysis
v
Char "l Gasification
C-17.2t/hr B
H,- 0.4 t/hr B .
0,-2.5 t/hr N Combustion
others - 0.9 t/hr

0,- 10.8 t/hr

3.91 GJ/hr

super heated steam -43.5 t/hr
133 GJ/hr

ash- 16.5 t/hr

Figure 7-6: Simulated mass and energy flows for gasification of 100% coal feedstock
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Results show a generally non-linear relationship between the percentage (by mass)
of biomass in the gasification feedstock, and the distribution of syngas products. This
is a reflection of the view that the composition of syngas is a function of many
variables including combustion and gasification zone temperatures, relative
abundance of oxygen and steam, and the elemental composition of the feedstock.
As biomass fraction in the feedstock was increased, the fraction of CO, in the syngas
also increased, while that of H, showed an overall decrease. As Fig. 8-7 illustrates,
the decrease in H, coincides with an increase in CH,, in agreement with results from
other co-gasification studies based on different fuel and gasifier configurations [31—
33]. This trend is likely to be partly caused by the successively net lower quantities of
elemental hydrogen entering the reduction zone (due to the significantly lower
charring rates of biomass). Furthermore, it is generally considered that production of
H, and CH4 are inversely linked via the CO methanation reaction in which CO reacts

with H, to form CH, and water (egn 7) [6].

Mol% of dry syngas

45 2.5
r .
40 v L ——
35 S —— o ——
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> ST s
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Figure 7-7: Influence of Coal-CC blend ratio on raw syngas composition and H,/CO ratio

The addition of biomass also caused an increase in the combustion and gasification
zone temperatures (1250°C to 1470°C from 0 to 100% biomass increase), as Table 8-

4 further shows. The maximum reaction temperature is a key aspect of the non-
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slagging gasifier performance, mainly in respect to the ash fusion temperatures and
the occurrence slagging and ash sintering. The addition of superheated steam during
the gasification process helps to moderate the temperature in the combustion zone,
and is the reason why non-slagging fixed bed gasifiers such as the Sasol FBDB gasifier
on which this study is modelled, generally require higher steam/feedstock ratios
compared to the slagging versions [6,34]. The observed increase in reaction
temperature was due to the increased availability of oxygen relative to char, leading
to a higher propensity for complete combustion that produces CO, (compared to
partial combustion which produces CO). The relatively low melting temperatures in
biomass ashes (700-1000°C) compared to coal derived ash (1200-1700°C [34]),
means that more quantities of steam will be required to moderate temperatures of

the combustion zone when biomass is included as fuel.

The increased occurrence of complete combustion during biomass gasification may
partly explain the increase in CO, concentrations at higher levels of biomass in the
feedstock. However, a more likely explanation for the increase in CO, composition in
the raw syngas at higher biomass/coal ratios is that, increasing the proportion of
biomass in the feed led to a reduction in available carbon for gasification, in favour
of the production of liquid hydrocarbons, water and pyrolysis gases from the
preceding devolatilization step. Another cause of the increase in CO, production
could be the reaction between CO and the extra oxygen made available through the
addition of biomass, to form CO, [21]. Fig. 8-7 shows that the impact of biomass
addition on the H,/CO ratio was not very significant, although as Table 8-4 shows,
the production of higher value gases (H,, CO, CH,) falls from 23 t/hr 100% coal to 19
t/hr at 50:50 mix ratio along with a matching increase in water and CO,. This caused
a corresponding decrease in the heating value of syngas from 12 MJ/kg to 11 MJ/kg.
This also led to a reduction in the thermal efficiency of syngas production from 87%
to 73% at 0:100 and 50:50 biomass ratios, respectively. Co-gasification also led to a
reduction in H,S production which is expected given the lower sulphur content in

biomass compared to coal (Table 8-4).
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7.3.3 Process Economics

A model is developed for the assessment of the economics of syngas production
from the co-gasification of coal and biomass by retrofitting a hypothetical updraft
coal gasifier to accept biomass fuel. Previous co-gasification and co-firing tests have
revealed that existing coal plants can, in many cases, successfully co-process
alternative fuels such as biomass without alterations to the gasification reactor
(especially at coal-biomass mass ratios of less than 20-30%)[35-37]. The main cost of
co-processing is therefore largely dependent on the separate fuel pre-treatment and
feeding system that would have to be installed for processing the biomass fraction of
the feedstock [38], although other factors such as site layout and plant design can
also be of significance [1]. While some biomass types such as dried wood chips can
conceivably be handled using the preparation and feeding system used by coal, in
the majority of cases, this will not be possible due to significant differences in the
handling properties (e.g. grindability) of biomass and coal. Both the samples types
considered in this work (CC and BG) will, for instance, require a drying step not
required for coal preparation. Furthermore, the fibrous nature of BG in particular
makes it unsuitable to the size reduction equipment employed for coal. BG also
contained a significant fraction of fines, which are not acceptable in the Sasol FBDB
type gasifier [30]. It is therefore reasonable to assume that some kind of upgrading
technology will be required for the biomasses. Various types of upgrading
technologies have been considered for thermal processing of biomass, especially in
existing coal combustors, boilers and gasifiers. These include pelletisation,
torrefaction, torrefaction and pelletisation (TOP), as well as pyrolysis [39].
Pelletisation is selected in this study as it does not lead to significant changes in the
chemical composition of the biomass, and hence, its behaviour during the
gasification process will deviate the least from the experimentally determined
pyrolysis behaviour of the fresh biomass on which the process model is based.
However, it must be recognized that particle size differences caused by pelletisation
may have non-negligible effect on char production to the effects of heat and

transport phenomena (as was shown in Chapter 7), and thus gasification
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performance. Densification via pelletisation also leads to reduction in the investment

required for the feeding system [40].

Table 7-5: Capital cost estimate for fixed coal gasification system for a 44.5 t/hr capacity plant [29]

Module Cost (USS, 2011)
Coal preparation and feeding 4,399,496
ASU* 61,160,702
Gasifer and accessories 35,017,170
Gas cleanup 39,516,100
Steam generator 348,591
Cooling water system 2,304,754
Ash handling system 1,639,458
Accessory electric plant 6,113,637
Instrumentation and control 4,267,837
Site construction 3,140,112
Professional services 9,857,067
Other costs 7,342,106
Contingency 24,030,760
TCI 199,137,791
Annual TCI
Operating and maintenance
costs

* Air Separation Unit- data obtained from Hamelinck and Faaij [41]

7.3.3.1 Estimating production costs

Capital costs of a hypothetical syngas production process from a coal-conversion
facility (based on fixed bed gasification) were based on NETL estimates for a coal-
based BGL 1000 gasifier [29]. The BGL gasifier is an extension of the original Lurgi
FBDB gasifier developed by British Gas and Lurgi with the ash discharge designed for
slagging conditions. Its configuration is sufficiently close enough to the Sasol FBDB
gasifier for it to be used as basis for this study [6,33]. As previously mentioned, the
BGL 1000 gasifier is roughly the same size (44 t/hr) as the Sasol FBDB Mark IV gasifier
and their costs should therefore be considered comparable [29]. The NETL estimates
did not include the costing of air separation unit (ASU) for oxygen production, and so
the values from Hamelinck and Faaij [41] were adapted for this item, correcting for

the difference in scale by using the scale factor of 0.85 [41]. The scale employed
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were thoseAll costs were corrected to 2011 values using the CPI* inflation calculator.
The Total Capital Investment (TCl) consists of equipment and material costs, direct
and indirect labour costs, engineering and construction costs, as well as
contingencies for the total coal-based syngas project. The TCl however, excluded
items like sales tax, escalation and owners costs for permits, land, etc. Operating and
maintenance expenses for the coal based process were estimated as 64% of the
annualized TCl based on the data from the NETL study [29]. The annualisation was
based on 13.5% discount rate and 20 year average utilization period. Operating
expenses included items such as non-feedstock consumables (such as water,
chemicals, natural gas, nitrogen, etc), as well as operating, maintenance, and

administrative staff costs, and waste disposal [29].

Table 7-6: Cost estimate for biomass processing scaled to 20% coal substitution*

Module Cost (USS, 2011)
General investments 1,958,508
Drying 1,788,319
Grinding 199,321
Pelletisation 450,846
Cooling 30,846
Storage 690,507
Peripheral equipment 1,186,438
Conveyers 288,234
Feeding system 258,883
TCI 6,851,902

*20% of coal input corresponds to 9 t/hr of
pelletized feed, which requires 16.6 t/hr of wet
biomass to produce.

A breakdown of the capital investment required for the base case plant is provided
in Table 8-5 while those for the biomass handling and pre-treatment system are
shown in Table 8-6. Capital cost estimates have been scaled to biomass feeding rates
required to substitute 20% of coal with biomass on a mass basis. The pelletisation

plant costs were estimated using data from Bergman et al. [42] and Thek and

® United States Bureau of Labor Statistics’ Consumer Price Index calculator -

http://www.bls.gov/cpi/cpicalc.htm

186



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

Obernberg [43], while other handling costs for biomass were obtained from
Hamelinck and Faaij [41]. It is believed that higher than 20% blend ratios for co-
gasification are unrealistic for a variety of factors including gasifier performance
problems (mainly related to ash sintering and fouling), biomass supply constraints,
impact on downstream tar processing (due to significantly increased volumetric flow
rates, as well as acid and oxygenate content of biomass derived condensates).
Operating expenses for the biomass processing module is comparatively much

higher than the base case at 480% of annual TCI [42,43].

Production costs were calculated as the sum of the annualised TCl and operating
costs. Consequently, the unit cost of syngas production for the coal only system (not
including feedstock cost) amounted to $128.5/t. This translates to an additional
specific cost of about $17/t, such that the unit cost for co-gasification becomes
$145.6/t (not including feedstock cost). In the case where the capital cost of biomass
pre-treatment is pro-rated to the quantities of biomass input, the additional unit

cost was $6.8/t and $10.7/t for 5% and 10% biomass input, respectively.

biomass handling
Contingency 3.3%

al handling

construction

air separation unit
and other costs

instrumentation
and control

auxiliary
electricity plant

Gasifier and
gas cleanup

Figure 7-8: Distribution of capital costs for co-gasification (based on 20% biomass input)
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Fig. 8-8 depicts the contribution of various process modules to the total capital
investment costs for co-gasification. It shows that the absolute investment required
for preparing and feeding biomass is only 1.1 % more than the coal handling costs.
On the other hand, on a unit basis, the extra cost for handling biomass ($14/t of
pellets) is significantly higher than the corresponding costs for coal ($1.8/t of coal).
This shows that even without considering the costs of the feedstock, the extra
investment required for retrofitting a coal-based syngas production facility is
significant. However, it is widely recognised that feedstock cost is also an important
component of the cost structure of many solid fuel conversion systems [40].
According to data from the Chamber of Mines of South Africa [44], FOB* coal prices
for the South African domestic market have risen steadily since 2001 from ZAR60/t
to almost ZAR200/t in 2010. Eberhard [45] estimates that the costs coal supply to
Eskom® and Sasol in 2009 was less than ZAR 170/t and ZAR150/t for an average of
respectively. Eberhard [45] further calculates that Eskom’s coal prices rose to under
ZAR200/t in 2010. Based on the two preceding sources, a 2011 price of ZAR 200/t
(527/t) was employed in this study for coal. On an energy basis, this corresponds to a
cost of $1.6/GJ, which is not too far off from the $1.8/GJ value used by Kreutz et al.
[46]. In the manner of Leibrandt [47], the price of biomass in this study was set equal
to that of coal on an energy basis, which based on average biomass heating value of

18 MJ/kg, is equivalent to $28/t.

Table 7-7: Specific syngas production costs based on fixed retrofitting costs (at 20% coal substitution by mass)

100% coal 5% biomass 10% biomass 20% biomass

Annualized TCI S 29,203,783 30,291,572 30,291,572 30,291,572

OPEX S 18,251,803 23,473,189 23,473,189 23,473,189

Feedstock cost S 9,954,350 9,968,571 9,982,791 10,011,232

Annual prod cost S 57,409,936 63,733,332 63,747,552 63,775,993

Prod cost per ton input S/tonne 155.43 172.55 172.59 172.66
Prod cost per tonne syngas S/tonne 129.27 144.22 145.00 146.82
Prod cost per GJ syngas S/GJ 10.66 12.01 12.18 12.57

4
free-on-board

> Eskom: National power utility of South Africa
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Based on the preceding cost assumptions, the specific production cost of syngas
from coal alone is $130/t or $10.7/GJ (Table 8-7) which is comparable to the $13/GJ
estimate given by the IEA for IGCC systems based on entrained flow gasification
technology [48]. Substituting 5, 10, and 20% of the coal feedstock mass with biomass
resulted in specific production cost values shown in Table 8-7. Again, the values
shown are based on retrofitting costs fixed at biomass capacity corresponding to
20% coal substitution. In the case where additional capital investment for retrofitting
biomass is pro-rated to the quantities of biomass feed, the specific production cost
for co-gasification at 95:5 and 90:10 feedstock mix ratios are reduced to $11.3/G)J
and $11.7/GJ, respectively (Table 8-8).

Table 7-8: Specific production costs based on pro-rata retrofitting costs

100% coal 5% biomass 10% biomass  20% biomass

Annualized TCI S 29,203,783 29,634,910 29,886,737 30,291,572

OPEX S 18,251,803 20,321,215 21,529,981 23,473,189

Feedstock cost S 9,954,350 9,968,571 9,982,791 10,011,232

Annual prod cost S 57,409,936 59,924,696 61,399,509 63,775,993

Prod. cost per ton input S/tonne 155.43 170.78 184.70 215.83
Prod. cost per tonne syngas S/tonne 129.27 135.60 139.66 146.82
Prod. cost per GJ syngas S/GJ 10.66 11.29 11.73 12.57

These results are consistent with the view that co-utilization of biomass with coal in
thermal conversion systems makes little financial sense when the externalities such
as the cost of mitigating pollutant emissions are not considered. If the avoided cost
of CO, capture for instance is factored in, the economics of co-gasification is slightly
improved. International prices for carbon emission credits (CER) are have ranged
between $13-520 in the last few years. According to the National Treasury in South
Africa, a tax of ZAR75 — ZAR200/tCO, ($10-526/tCO,) would be “both feasible and
appropriate” [49]. This corresponds to an extra cost ranging between $0.5-51.2/GJ of
syngas produced for coal only conversion. This cost is reduced successively according
to the percentage of coal replaced with biomass, therefore at 20% biomass addition;

the carbon tax is correspondingly 20% less. For the range of values given, the
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avoided carbon tax due to co-feeding biomass can offset between 40-96% of the
specific retrofitting cost at 20 wt% coal substitution. The effect of carbon tax (at a
median value of ZAR117/tCO;) on the production cost structure with increasing
biomass ratio is further illustrated in Fig. 8-9. It can be observed that the reduction in
carbon tax associated with substitution of coal with biomass could not offset the
increasing pro-rata cost of retrofitting the base plant. Only at a carbon tax of
$30/tCO,(ZAR242/tCO,) or higher are the retrofitting costs completed covered (at 20
wt% coal substitution). Fig. 8-9 also shows that based on the assumed feedstock

prices, there is little variability in the feedstock cost as the fuel blend ratio changes.
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Figure 7-9: Influence of carbon tax on distribution of specific production cost.

7.3.3.2 Sensitivity analysis

The study so far has been based on a biomass price of $28/t. Based on this value, the
contribution of feedstock in the syngas production cost from the 80:20 coal-biomass
blends is about 12%. However, biomass costs are notoriously hard to accurately
estimate, consequently, a sensitivity analysis varying the cost of biomass feedstock

from $0-60/t was done and the results are shown in Fig. 8-10. Fig. 8-10a illustrates
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the effect of varying biomass charges on the production cost of syngas at various
feedstock mix ratios. The drastic increase in syngas cost from 0% to 5% biomass in
the fuel mix, is a reflection of the cost of retrofitting the existing coal plant to handle
biomass. Such that, even when there is no cost for obtaining biomass, the cost of
syngas production still increases by approximately 10%. Nevertheless the cost of
biomass is still an important component of production cost as Fig. 8-10b shows.
Increasing the cost of biomass increased the percentage of syngas production cost
represented by feedstock from 15-20% when the biomass price is varied from S0/t to

S60/t.
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Figure 7-10: Sensitivity of syngas cost and cost distribution to biomass cost

7.4 Other industrial implications of simulation results

Considering that biomass devolatilizes 60-70 wt% of original material compared with
approximately 20 wt% for coal during pyrolysis, it is no surprise that substituting
biomass for coal at 5, 10 and 20 wt% caused a 22, 43 and 87 wt% increase in the
production of hydrocarbon condensates (Table 8-4). This is likely to have significant
implications on the downstream tar handling and utilization systems, from both a
scale (throughput capacity) and quality perspective. Differences between coal and
biomass derived condensates where outlined in Chapters 6 and 7 and can be

summarised as follows: i) the overall higher production of condensates, ii) the higher
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variety of compounds, iii) the higher oxygenates content, iv) significantly higher
yields of strong acids, v) the considerable higher fraction of water soluble organics

obtained from biomass liquids.

The increased pyrolysis condensate yield due to use of biomass feedstock would not
neccesarily lead to increased yields of tar derived chemicals. It was shown in Chapter
6 that only corn cobs produces larger naptha yields than coal (naptha and PAHs in

general represent the bulk of coal derived tar).

The wide variety of compounds produced during biomass pyrolysis (Table 6.3 and
Fig. 6.7) is likely to also pose a challenge, particularly with regards to the much
higher oxygenate content found in biomass derived tars. Currently, condensates
from coal in the Sasol CTL process are upgraded by hydrodeoxygenation — a
procedure that involves extensive distillation under pressure in the presence of
hydrogen and catalysts to remove phenols, as well as sulphur and nitrogen
containing compounds [10,91]. The wider product variety in biomass is likely to
reduce selectivity during separation of distillation products and/or affect the distilled
product quality. Also, the drastic increase in oxygenates from the addition of
biomass will at the very least increase the hydrogen demands for hydrotreating and
hence, costs. Also, the high oxygenate content may reduce the activity and lifetime
of catalysts normally employed in the process [92]. The high fraction of aqueous
organics will also be of concern to the treatment of wastewater effluents. In
addition, the higher acids content may lead to corrosion risks to piping and process
equipment (~60g/kg for corn cobs compared to <1g/kg for coal, on air dried basis).
The increased presence of strong acids and other aqueous phase condensates has
been identified as contributing factor to the relative thermal instability of biomass
pyrolysis oils [51,52], which will also negatively impact the tar upgrading process

[53].
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On the other hand acetic acid is a commercially valuable product stream (S400-
$500/tonne®) that could be developed as a new product stream. The increased
volume of other valuable chemicals such as alcohols (methanol, ethanol, 1-
propanol), phenolics (phenol, cresols, and guaicols), ketones (acetone, methyl ethyl
ketone, and methyl isobutyl ketone) and furans (furfural, 2,5-dimethyl-furan, and

furfurylalcohol) could also be conceivably developed into value added products.

While this work is purely aimed at assessing impacts of co-gasification, the question
may arise as to what the optimal coal-biomass blend ratio for gasification is. It is
clear from this study that such a question is more complicated than it seems at first.
From a financial and efficiency point of view, the optimal rate of biomass addition
would be zero biomass since the inclusion of biomass reduces the efficiency and
increases the cost of the coal gasification.This is based on the assumption that costs
of handling the change in quality and quanity of biomass derived condensates do not
outweight the benefits from potentially new revenue streams as described in the last
paragraph. It is clear that this particular assumption needs to be confirmed from
further studies. From a net GHG reduction point of view however, it will be desirable
to have as much biomass as would be technically possible in the gasifiers. Previous
studies show that up to 20-30 wt% of coal can be replaced with biomass in gasifiers
[35-37]. However there is little point in discussing environmental optimalty in
isolation from financial profitability, especially for commercial/industrial projects on
the scale operated by Sasol. The financial justification for co-gasification becomes

stronger under relatively high carbon tax regimes (of higher than $30/tCO,).

7.5 Conclusion

This chapter ties together results of the previous chapters (Chapters 6 and 7) to
produce an assessment of the impact of coal and biomass co-gasification in fixed bed
reactors. Fixed bed gasification is a stratified process with relatively distinct pyrolysis

and char gasification steps. Results of the analysis of char obtained from the

® As found on the trading website www.alibaba.com
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pyrolysis of coal, biomass and coal-biomass blends revealed that the proximate
characteristics of the blended chars approximates to the weighted average of the
individual values for coal and biomass. Furthermore, analysis of the CO; reactivity of
the fuel and their blends showed that the addition of biomass to coal does not
impose any kinetic limitation on the gasification of blended chars. The blended chars
decomposed at approximately the same rate as the char from 100% coal, even at
higher biomass concentrations in the original feedstock blend. Based on these
observations, an equilibrium based simulation of syngas production for co-
gasification of coal-biomass blends at various mix ratios was implemented in Aspen
Plus. The model showed that H,/CO ratio was relatively unaffected by biomass
addition to the coal fuel mix, whereas significant changes in syngas heating value and
thermal efficiency was observed. Subsequent evaluation of the production cost of
syngas at biomass input ranging between 0-20% of coal reflected the significant
additional cost of pre-treating biomass. Syngas production costs from co-gasification
remained significantly higher than coal only gasification, even at low to zero prices of
the biomass feedstock. The reduction in carbon tax associated with substitution of

coal with biomass could not offset the cost of retrofitting the base plant.
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8 Conclusions and recommendations

Gasification provides a proven alternative to the dependence on petroleum for the
production of high value products such liquid fuels and chemicals. Syngas, the main
product from gasification can be converted to fuels and chemicals via a number of
possible synthesis processes. Coal and natural gas are currently the main feedstock
used for syngas production. In South Africa (SA), Sasol operates the largest commercial
coal-to-liquids conversion process in the world, based on updraft fixed bed gasification
of low grade coal to syngas. Co-utilizing alternative and more sustainable feedstock
(such as biomass and wastes) with coal in existing coal-based plants offers a realistic
approach to reducing the costs and risks associated with setting up dedicated biomass

conversion plants.

In updraft gasification, the pyrolysis or devolatilization step is particularly important
because liquid condensates produced during this step — comprising tars, oils, and water
— are released in significant quantities along with syngas [1,2]. These condensates are
produced in the devolatilization reaction zone of updraft gasifiers and are normally
considered an unwanted by-product of gasification that has to be minimised [3-5]. In
the Sasol process, however, they have chosen to utilize the hydrocarbon fraction of
these liquids via conventional refining processes to produce commercially valuable
chemicals such as naphtha, creosotes, and phenols [1,6]. When considering the
potential for biomass to be used as feedstock based on the existing coal based fixed-
bed gasification processes, the devolatilization step becomes even more important as
volatile matter content in biomass is known to be significantly higher than in coal, and

with considerably different composition [7,8].

8.1 Main conclusions

8.1.1 Pyrolysis Kinetics
Based on the aforementioned, substantial attention was devoted in this work to the

investigation of the pyrolysis behaviour of selected coal and biomass samples, and their
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blends. The coal sample used was a blend of various typical South African hard coals
that can be described as low grade, high ash and inertinite rich coal [9]. Biomass
samples comprised of corn and sugar cane biomass residues, which represent the bulk

of agricultural waste in South Africa [10,11].

The pyrolysis thermokinetics of the samples and their blends were investigated via non-
isothermal thermogravimetric analysis (TGA). An atmospheric TGA was employed, but
as Hillier and Fletcher [12] showed, pyrolysis kinetic parameters obtained under
atmospheric conditions are also applicable to pressurized conditions of up to 40 bars.
The devolatilization of the biomass materials occurred in a narrow temperature interval
(200-400°C) and with higher decomposition rates than coal, where decomposition
occurred between 380-900°C. Isoconversional kinetic analysis revealed the dependence
of apparent activation energy on conversion, E{a), from which very good predictions of
reaction progress could be obtained for both individual samples and blends. Synergistic
interactions in the blends resulted in higher than expected volatile yields. The
interactions occurred between 300°C and 500°C, corresponding to the end of biomass
devolatilization and the start of coal decomposition. Isoconversional kinetic analysis
revealed the dependence of apparent activation energy (E) on conversion (a) from
which reliable predictions of reaction progress could be obtained for both individual
samples and blends. Apparent activation energy values varied between 165-180, 162-
190, 160-175, and 225-260 kJ mol™ for sugarcane bagasse, corn cobs, corn stover, and
coal in the 0.1 to 0.8 conversion range. A comparison of E{(a) for single fuels and coal-
biomass blends gave further evidence of synergistic behaviour as demonstrated by
larger variation in E(a) for the biomass and coal fractions the blends in contrast to the

level of variation in E{a) observed when these components were pyrolyzed separately.

Single and multi-component model fitting kinetics was also applied to the TGA data.
The results showed that single component kinetics was a poor representation of the
decomposition behaviour of all of the samples, regardless of whether a 1* or n™ order
reaction model was assumed. Conversely, reasonably approximate simulations of

reaction rates could be obtained by adopting the simpler 1* order model when 3 or
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more parallel reactions where assumed in the biomass fuels. However, not all the
reactive pseudocomponents in biomass strictly followed the first order model. In
comparison, the n" order model was found to be a more robust and flexible approach
providing simulations and predictions with better fits to the experimental data,
particularly for coal were a larger deviation from 1* order reaction behaviour was
observed. Apparent activation energy values obtained for n™ order model fitting with 3
pseudocomponents were 212, 188, and 94 kJ mol™ for sugarcane bagasse; 215, 189,
and 99 kJ mol™ for corn cobs; and 252, 147 and 377 kJ mol™ for coal. Corresponding
pre-exponential factor values obtained were 3.6 x 10", 8.5 x 10*®, 3.3 x 10% min™ for
bagasse, 7.2 x 10% 2.6 x 10%, 2.2 x 10% min™, for corn cobs, and 2.2 x 108, 1.5 x 10%,
2.5 x 10%° min™ for coal, respectively. These results, along with the corresponding
reaction order values, produced reaction rate simulations with less than 2% deviation
from experimental observations. The activation energies obtained also compared well

with values derived previously in a model free analysis of the same data.

8.1.2 Pyrolysis product distribution

In Chapter 6, pyrolysis experiments under conditions that simulate industrial updrafts
gasifiers revealed the relevance of the chemical reaction rates determined in the
kinetics chapters. At low temperatures for all particle sizes and fuels, transport
processes were several orders of magnitude faster than chemical reaction times,
whereas the opposite trend was observed at high temperature (600°C). This means
that reaction kinetics was the controlling mechanism at high temperatures. Overall,
mass transfer times scales increased with increase in particle size, and were slower in
coal than in biomass. This is due to the difference in permeability and effective
diffusivity of coal and biomass which are in turn dependent on characteristic pore sizes.
Investigation of the pyrolysis product distribution showed that differences between
biomass and coal in terms of the overall distribution of char, condensates and gas
phase product yields are correlated with the significantly differing physical and
chemical properties of the fuels. This is reflected in the generally higher yield, variety
and oxygenates content of biomass volatile products compared to coal. While the fact
that coal produced higher char and lower gas and liquid products than any of the
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biomass considered are to be expected, significant differences in pyrolysis behaviour
between the biomass fuels were observed as well. The dissimilarity observed between
biomass fuels could be linked to the differences in their particle size and the ensuing
effect on transport dynamics within the reactor. Such differences were manifested in
terms of overall gas/liquid of volatile phase products and in the composition and

distribution of the volatiles as well.

Results of investigation into the influence of mix ratio on pyrolysis yields show limited
evidence of non-additive or synergistic behaviour on the overall distribution of solid
liguid and gas yields. On the other hand, in terms of the distribution of specific liquid
phase hydrocarbons, the evidence is in favour of synergistic pyrolysis behaviour. From
these observations, it can be concluded that predicting the overall distribution of
phases (solid, liquid and gas products) from co-pyrolysis/co gasification is relatively
straightforward according to a simple additive model. However, predicting specific gas
and liquid compositions is a much harder task which cannot be predicted via additive
models. The influence of temperature and pressure within the range of 400-600°C and
1-26 bars on the yield and composition of volatiles were also investigated via a factorial
design. Elevated pressure generally led to lower liquid hydrocarbon vyields while

temperature had mixed effects depending on the biomass type in the blends.

8.1.3 Gasification modelling and process economics

Fixed bed gasification is a stratified process with relatively distinct pyrolysis and char
gasification steps. Results of the analysis of char obtained from the pyrolysis of coal,
biomass and coal-biomass blends revealed that the proximate characteristics of the
blended chars approximates to the weighted average of the individual values for coal
and biomass. Furthermore, analysis of the CO, reactivity of the fuel and their blends
showed that the addition of biomass to coal does not impose any kinetic limitation on
the gasification of blended chars. The blended chars decomposed at approximately the
same rate as when coal was gasified alone, even at higher biomass concentrations in
the original feedstock blend. Based on these observations, an equilibrium based
simulation of syngas production for co-gasification of coal-biomass blends at various
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mix ratios was implemented in Aspen Plus. The model showed that H,/CO ratio was
relatively unaffected by biomass addition to the coal fuel mix, whereas syngas heating
value and thermal efficiency were negatively affected. Subsequent evaluation of the
production cost of syngas at biomass input ranging between 0-20% of coal reflected
the significant additional cost of pre-treating biomass. Syngas production costs from
co-gasification remained significantly higher than coal only gasification, even at low to
zero prices of the biomass feedstock. The reduction in carbon tax associated with co-
gasification could not offset the cost of retrofitting the base plant to handle the
biomass feedstock. These results are in agreement with the observation by the IEA co-
firing study group (Bioenergy Task 32) that economic advantages for co-firing of
biomass with coal so far do not exist [13]. Instead, the main motivations behind the
concept are the potential CO, emission reduction and the global climate change
mitigation [13]. Nevertheless, co-utilization of biomass with coal still remains among
the “lowest-risk, least expensive, most efficient and shortest-term option” for

renewable energy production [14].

8.2 Recommendations

In summary, this dissertation has showed that co-feeding of biomass in existing coal
based updraft gasification plants poses significant challenges in terms of impacts on
condensates and syngas quality, and production costs. Many assumptions have been
made during the study that need to be verified, either experimentally or by obtaining

guoted costs from local industry.

The TGA based kinetic study in this work showed the difference in the overall reaction
rates of coal and biomass decomposition. Further investigation of the kinetics of
specific volatile products is necessary to better understand the reaction mechanisms
responsible for their production. This can be achieved using thermal analysis
equipment employed in tandem with an ancillary analytical tool that can evaluate the
chemical composition and structure of evolved products, such as the FTIR, GCMS, or

HPLC [15]. This will allow a better understanding of the synergistic reaction
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mechanisms, which will in turn improve the ability to predict the composition of

devolatilized products.

The modelling of syngas production was based on a fixed steam-to-oxygen ratio suited
to producing FT grade syngas (H/C ratio of 1.8). This led to changes in syngas quality
summarised in the previous section and detailed in section 8.3.2. Another possibility is
to adapt gasifier operating conditions to produce syngas of fixed quality. It can be
envisaged that the higher oxygen content of biomass fuels will lead to higher
combustion temperatures, which will in turn increase the steam demand. As Valero
and Uson [16] observed, this can only be done by using a multi-dimensional non-linear
model based on operational data maps of real life plant outputs. Such a model could
include the optimization of other desired operational outputs such as lower
combustion temperatures necessary to prevent the slagging of biomass derived ash.
Further experimental investigation is also required to confirm the assumption made
that pelletized biomass behave in a similar manner to untreated biomass. In addition,
the effect of other biomass pre-treatment technologies on pyrolysis and gasification
performance would be useful for obtaining a better assessment of the range of syngas

production costs from co-gasification.

There are other relevant issues relating to the industrial scale application of biomass
co-gasification that need further investigation. These include life cycle assessments
(LCA), availability of a biomass supply stream, and the extra treatment requirements of
mixed biomass and coal condensates. An LCA point of view is required to holistically
assess the life cycle efficiencies, emissions and environmental impacts of the co
gasification process. Knowledge of biomass availability is vital when deciding the
optimum scale of investment in co-gasification infrastructure, after allowing for the
technical limits related to gasifier performance. The benefits of maximising cost savings
due to economies of scale must be balanced against the availability and cost of biomass
supply. Although significant effort has been devoted to research on the upgrading and
utilization of biomass derived and coal derived condensates, there is virtually no

literature on the handling of condensates from blended coal and biomass feedstock.
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The study highlighted the possibility of ameliorating some of the financial impacts of
co-gasification by developing new high value product streams (such as acetic acid) from
the significant fraction of condensates derived from biomass. Further research is
essential to quantify the effects of the significantly higher quantities of high acid and
oxygenate content condensate produced from biomass, on the existing piping and
processing equipment devoted to coal derived tar. A process optimization study that
investigates tradeoffs between the financial implications of such effects, and the
potential revenues from developing new product lines, will also be of considerable

interest.
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Appendix A — Data relating to chapters 6 & 7

Table A-1: Phase distribution of products from pyrolysis studies found in literature

) Liquids )
Experimental Char Gas yield
Fuel Reactor type o (Wt%) ) Reference
conditions (Wt%) (Wt%) basis
Total
HR:10°C/min;T:600
Fixed bed 25 ar Bonelli et al. [54]
°C;P:atm
HR: | sothermal;
) ] Zandersons et al.
Stirred Fixed bed  |F:1.2kg(wet);T:520° |20.7 577 21.6 db (5]
C;P.am
HR:50°C/min;
Fixed bed Asadullah e 4.
F:200g; 23 60 18 ar
[56]
T:500°C;P:atm
] HR:1°C/min; F:30g; )
BG Fixed bed 23 20 48 ar Arni et a. [57]
T:700°C;P:atm
] HR:25°C/min; T:550 )
Fixed bed 22 45 20 ar Parihar €t al. [58]
°C;P:atm
_ |HR:2.5°C/min;F:20k Garcia-Perez et al.
Vacuum pyrolysis 26 51 22 db
g;T:530°C [59]
~ |HR:12°C/min;F:80g; Garcia-Perez et al.
Vacuum pyrolysis 20 62 18 db
T:500°C;P:atm [59]
] HR: fast; F:250g
Fixed bed 33 48 19 db Idam et al. [60]
T:575°C; P:atm
i HR:30°C/min; T:600
Fixed bed 25 35 42 ar Caoetal. [61]
°C;P:atm
) F:150g;T:600°C
CcC Microwave oven 22 ar Yuetal. [62]
P.atm
F:1.5¢; T: loannidou et 4d.
Fixed bed 38 40 17 ar
500°C;P:atm [37]
F:1.5¢; T: loannidou et 4A.
Cs Fixed bed 33 42 15 ar
500°C;P:atm [37]
) HR:28°C/min; T:600
Fixed bed 68-73.7 (24.8-16.8 |7.1-19.8 |db Baruah et al. [63]
°C;P:atm
i HR:60°C/min; T:600 )
Coal Wire mesh 65 18 17 daf Li et al. [64]
°CP:atm
HR:3°C/min;
Thermobalance 7 ar Arendt et al[26]
T:600°C; P:25 bars
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_ HR:very fast;
Entrained flow 10 daf Leeet a[65]
T:900°C; P:23 bars

HR- heating rate; F-feed sizelrate; T-temperature; P-pressure; atm-atmospheric pressure (~1 bar); ar-as received; db-
dry basis; daf-dry and ash free basis
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Appendix B — ASPEN model input file

DYNAMICS
DYNAMICS RESULTS=0ON
IN-UNITS SI MASS-FLOW="kg/hr' MOLE-FLOW="kmol/hr' &
VOLUME-FLOW='cum/hr' PRESSURE=bar TEMPERATURE=C DELTA-T=C &
PDROP-PER-HT="mbar/m' PDROP=bar
DEF-STREAMS MIXCINC ALL
SIM-OPTIONS
IN-UNITS ENG
SIM-OPTIONS ATM-PRES=14.69595 OLD-DATABANK=NO
DESCRIPTION "
Solids Simulation with English Units :
F, psi, Ib/hr, Ibmol/hr, Btu/hr, cuft/hr.
Property Method: None
Flow basis for input: Mass
"DATABANKS 'APV71 PURE22' / 'APV71 AQUEOUS' / 'APV71 SOLIDS' / &
'APV71 INORGANIC' / NOASPENPCD
PROP-SOURCES 'APV71 PURE22' / 'APV71 AQUEOQOUS' / 'APV71 SOLIDS' &
/ 'APV71 INORGANIC'
COMPONENTS
cc/
H20 H20 /
H2 H2 /
0202/
N2 N2/
CcL2CL2/
SS/
coco/
co2cC0o2/
CH4 CH4 /
H2S H2S /
NH3 H3N /
TAR C21H42 /
NAPHTHA C11H10-2 /
PHENOL C6H60 /
OIL C6H6 /
C3H8 C3H8/
COAL/
BIOMASS /
CHAR /
ASH /
COS Ccos /
C2H6 C2H6
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FLOWSHEET
BLOCK DECOMP-C IN=CHARS-C OUT=TOCOMB-C
BLOCK GASIF IN=TOGASIF OUT=PROD-GAS
BLOCK PRODMIX IN=PROD-GAS VOL-C VOL-B OUT=SYNGAS
BLOCK ASHSEP IN=GAS2 OUT=TOGASIF ASH
BLOCK COMB1 IN=TOCOMB OUT=GAS1
BLOCK DECOMP-B IN=CHAR-B OUT=TOCOMB-B
BLOCK COMBMIX IN=TOCOMB-B TOCOMB-C OXYGEN STEAM OUT= &
TOCOMB
BLOCK COMB2 IN=GAS1 OUT=GAS2
BLOCK DEVOL-C IN=FEED-C OUT=PYPROD-C
BLOCK VOLSEP-C IN=PYPROD-C OUT=CHARS-C VOL-C
BLOCK VOLSEP-B IN=PYPROD-B OUT=CHAR-B VOL-B
BLOCK DEVOL-B IN=FEED-B OUT=PYPROD-B
PROPERTIES IDEAL
PROPERTIES PENG-ROB / RK-SOAVE

NC-COMPS COAL PROXANAL ULTANAL SULFANAL
NC-PROPS COAL ENTHALPY HCOALGEN / DENSITY DCOALIGT
NC-COMPS BIOMASS PROXANAL ULTANAL SULFANAL
NC-PROPS BIOMASS ENTHALPY HCOALGEN / DENSITY DCOALIGT
NC-COMPS CHAR PROXANAL ULTANAL SULFANAL
NC-PROPS CHAR ENTHALPY HCOALGEN / DENSITY DCOALIGT
NC-COMPS ASH PROXANAL ULTANAL SULFANAL
NC-PROPS ASH ENTHALPY HCOALGEN / DENSITY DCOALIGT
1340.329993
PROP-SET ALL-SUBS
IN-UNITS ENG
PROPNAME-LIS VOLFLMX MASSVFRA MASSSFRA RHOMX MASSFLOW TEMP &
PRES UNITS='Ib/cuft' SUBSTREAM=ALL
; "Entire Stream Flows, Density, Phase Frac, T, P"
STREAM FEED-B
IN-UNITS ENG
SUBSTREAM NC TEMP=77. PRES=14.7
MASS-FLOW BIOMASS 1E-008 <tonne/hr>
COMP-ATTR BIOMASS PROXANAL ( 0. 100.0.0.)
COMP-ATTR BIOMASS ULTANAL (0.100.0.0.0.0.0.)
COMP-ATTR BIOMASS SULFANAL (0.0.0.)
STREAM FEED-C
IN-UNITS ENG
SUBSTREAM NC TEMP=77. PRES=14.7
MASS-FLOW COAL 44.384 <tonne/hr>
COMP-ATTR COAL PROXANAL ( 1.1851 86.04643632 10.74129509 &
3.204678647 )
COMP-ATTR COAL ULTANAL ( 3.204678647 73.391.390.78 0. &
0.08 21.16)
COMP-ATTR COAL SULFANAL ( 0.080.0.)
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STREAM OXYGEN
IN-UNITS ENG
SUBSTREAM MIXED TEMP=275. PRES=500. &
MASS-FLOW=10.81217229 <tonne/hr>
MASS-FRAC 02 0.98 / N2 0.02
STREAM STEAM
IN-UNITS ENG
SUBSTREAM MIXED TEMP=620. PRES=415. &
MASS-FLOW=43.53666471 <tonne/hr>
MASS-FRAC H20 1.
BLOCK COMBMIX MIXER
IN-UNITS ENG
BLOCK PRODMIX MIXER
IN-UNITS ENG
BLOCK ASHSEP SEP
IN-UNITS ENG
PARAM
FRAC STREAM=TOGASIF SUBSTREAM=MIXED COMPS=C H20 H2 02 &
N2 CL2 S CO CO2 CH4 H2S NH3 TAR NAPHTHA PHENOL OIL &
C3H8 COSFRACS=0.1.1.1.1.1.1.1.1.1.1. &
1.1.1.1.1.1. 1.
FRAC STREAM=TOGASIF SUBSTREAM=CISOLID COMPS=C FRACS=0.
FRAC STREAM=TOGASIF SUBSTREAM=NC COMPS=COAL BIOMASS CHAR &
ASH FRACS=0. 0. 0. 0.
BLOCK VOLSEP-B SEP
IN-UNITS ENG
PARAM
FRAC STREAM=CHAR-B SUBSTREAM=MIXED COMPS=C H20 H2 02 N2 &
CL2 S CO CO2 CH4 H2S NH3 TAR NAPHTHA PHENOL OIL &
C3H8 COS C2H6 FRACS=1.0.0.0.0.0.0.0.0. &
0.0.0.0.0.0.0.0.0.0.
FRAC STREAM=CHAR-B SUBSTREAM=CISOLID COMPS=C FRACS=1.
FRAC STREAM=CHAR-B SUBSTREAM=NC COMPS=COAL BIOMASS CHAR &
ASH FRACS=1.1.1.1.
BLOCK VOLSEP-C SEP
IN-UNITS ENG
PARAM
FRAC STREAM=CHARS-C SUBSTREAM=MIXED COMPS=C H20 H2 02 &
N2 CL2 S CO CO2 CH4 H2S NH3 TAR NAPHTHA PHENOL OIL &
C3H8 COS C2H6 FRACS=1.0.0.0.0.0.0.0.0. &
0.0.0.0.0.0.0.0.0.0.
FRAC STREAM=CHARS-C SUBSTREAM=CISOLID COMPS=C FRACS=1.
FRAC STREAM=CHARS-C SUBSTREAM=NC COMPS=COAL BIOMASS CHAR &
ASH FRACS=1.1.1.1.
BLOCK COMB1 RSTOIC
IN-UNITS ENG
PARAM PRES=465. DUTY=0.
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STOIC 1 CISOLID C-1.013 / MIXED 02 -1./C0 0.026 / &
C02 0.987

CONV 1 MIXED 02 1.

BLOCK COMB2 RSTOIC

IN-UNITS ENG

PARAM PRES=465. DUTY=0.

STOIC2 CISOLID C-1. / MIXEDH20-1./CO 1. /H2 &

1.
CONV 2 CISOLID C 1.
BLOCK DECOMP-B RYIELD

IN-UNITS ENG

PARAM TEMP=1000. PRES=465.

MASS-YIELD NC ASH 0.050303255 / CISOLID C0.719775574 / &
MIXED H2 0.013632485 / N2 0.007682575 /S &
0.000742078 / 02 0.207864033

COMP-ATTR NC ASH PROXANAL ( 0. 0. 0. 100.)

COMP-ATTR NC ASH ULTANAL ( 100.0.0.0.0.0.0.)

COMP-ATTR NC ASH SULFANAL ( 0.0.0.)

BLOCK DECOMP-C RYIELD

IN-UNITS ENG

PARAM TEMP=1000. PRES=465.

MASS-YIELD MIXED H20 0. / NC ASH 0.440532095 / CISOLID &
C0.461790136 / MIXED H2 0.010712058 / N2 &
0.013557449 /S 0.005415962 / 02 0.0679923

COMP-ATTR NC ASH PROXANAL ( 0. 0. 0. 100.)

COMP-ATTR NC ASH ULTANAL ( 100.0.0.0.0.0.0.)

COMP-ATTR NC ASH SULFANAL ( 0.0.0.)

BLOCK DEVOL-B RYIELD

IN-UNITS ENG

PARAM TEMP=1000. PRES=465.

MASS-YIELD MIXED H2 0.001721933 / CH4 0.075666637 / CO &
0.028646123 / C2H6 0. / CO2 0.227772099 / PHENOL &
0.083207272 / NAPHTHA 0.049538997 / H20 0.239173738 / &
NC CHAR 0.294273201

COMP-ATTR NC COAL PROXANAL ( 0.100.0.0.)

COMP-ATTR NC COAL ULTANAL ( 0.100.0.0.0.0.0.)

COMP-ATTR NC COAL SULFANAL (0.0.0.)

COMP-ATTR NC BIOMASS PROXANAL ( 0. 100.0.0.)

COMP-ATTR NC BIOMASS ULTANAL ( 0.100.0.0.0.0.0. &
)

COMP-ATTR NC BIOMASS SULFANAL (0.0.0.)

COMP-ATTR NC CHAR PROXANAL ( 0. 100. 0. 0.)

COMP-ATTR NC CHAR ULTANAL ( 0. 100.0.0.0.0.0.)

COMP-ATTR NC CHAR SULFANAL ( 0.0.0.)

BLOCK DEVOL-C RYIELD
IN-UNITS ENG
PARAM TEMP=1000. PRES=465.
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MASS-YIELD MIXED H2 0.000374384 / CH4 0.024843946 / CO &
0.004063939 / C2H6 0. / CO2 0.033283136 / PHENOL &
0.005126037 / NAPHTHA 0.019534911 / H20 0.07138898 / &
NC CHAR 0.841384667

COMP-ATTR NC COAL PROXANAL ( 0. 100.0.0.)

COMP-ATTR NC COAL ULTANAL ( 0.100.0.0.0.0.0.)

COMP-ATTR NC COAL SULFANAL (0.0.0.)

COMP-ATTR NC CHAR PROXANAL ( 0. 100. 0. 0.)

COMP-ATTR NC CHAR ULTANAL ( 0. 100.0.0.0.0.0.)

COMP-ATTR NC CHAR SULFANAL ( 0.0.0.)

BLOCK GASIF RGIBBS

IN-UNITS ENG

PARAM PRES=465. DUTY=0. <MW>

PRODC/H2/CO/CO2/CH4 /H2S/H20 /C2H6/ &

N2

EO-CONV-OPTI

STREAM-REPOR MOLEFLOW MASSFLOW STDVOLFLOW MOLEFRAC &
PROPERTIES=ALL-SUBS
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