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ABSTRACT 

Anaerobic digestion (AD) technology holds numerous potential benefits for the agricultural 

sector; however, challenges persist in terms of implementation and sustainability in the majority 

of the low- and middle-income countries. The main barriers to AD implementation in Sub-

Saharan African countries include financial and technical factors. Implementation costs appear 

to remain financially prohibitive as many rural African households and smallholder farmers 

cannot afford the high initial investment costs of installing and maintaining AD plants. The 

technology also suffers shortcomings such as incomplete bioconversion, low methane yields, 

process instability and economic non-viability. A systematic evaluation tool that integrates both 

technical and economic performance will help smallholders and supporting governments 

identify an appropriate solution to a specific context.  

The first objective of this research project was to quantify the availability and potential of 

agricultural residue biomass feedstock for biogas and biofertilizer production in South African 

and Madagascan smallholder farming systems. The biomass estimations were done using a 

combination of smallholder surveys, literature models, and publicly available data. Annually, 

South African emerging smallholder farming households generate 12 and 121 tonnes of crop 

residues and animal manure, respectively. Agricultural households in Madagascar generate 7.3 

and 19.4 tonnes of crop residues and animal manure on a fresh weight basis annually, 

respectively.  

The second objective was to assess the potential small-scale AD technologies to be used in 

smallholder farming systems using multi-criteria decision analysis (MCDA) methods. The 

Simple Multi-Attribute Rating Technique and the Analytical Hierarchy Process approaches of 

MCDA were used as a decision support tool, and the preferred AD technology (DIY Biobag 

digester design model) was selected from a list of potential small-scale AD technologies.  

Following completion of the first two objectives, objective three was included to establish the 

best co-digestion strategy for the potential agricultural substrates under different operating 

conditions using a combination of the Anaerobic Digestion Model No. 1 (ADM1) and a Monte 

Carlo approach for probabilistic simulation with the inclusion of parametric uncertainty. 

Results indicate that co-digestion increases mean methane content by up to 8% compared to 

mono-digestion of individual substrates. The resulting methane production probability 

distributions were fitted using a Gaussian Mixture Model, which can be used to account for 

uncertainty in techno-economic feasibility assessments. 
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Despite all its potential advantages for farmers, AD technology implementation involves capital 

and operational costs to purchase, install and operate. Therefore, the fourth objective was to 

develop and demonstrate an analysis tool for techno-economic feasibility assessment, explicitly 

centred in the water-energy-food nexus context to evaluate the feasibility of anaerobic 

digestion. To this end, the co-production of biogas and biofertilizer resulted in the most 

sustainable solution in both financial and economic analysis, with a mean financial and 

economic rate of return of 14% and 67% and benefit-cost ratio of 1.40 and 5.97 respectively 

under different scenarios. 

Further work would be required to focus on the implementation and application of this 

methodology in other AD projects where a detailed analysis on the site for a particular 

application is required in the nexus context as resource availabilities of a specific village can 

vary. This could be done to maximize economic and/or environmental sustainability and 

contribute to rural economic development.
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OPSOMMING 

Anaerobiese vertering (AV)-tegnologie hou ’n aantal potensiële voordele vir die landbousektor 

in, maar uitdagings duur voort in terme van implementasie en volhoubaarheid in die meeste 

lae- en middelinkomste lande. Die hoofhindernis vir AV-implementasie in Sub-Sahara 

Afrikalande sluit finansiële en tegniese faktore in. Implementasiekostes blyk om finansieel 

prohibitief te wees omdat baie landelike huishoudings in Afrika en kleinboere nie die hoë 

aanvangskostes van installering en handhawing van AV-aanlegte kan bekostig nie. Die 

tegnologie ly ook aan tekortkominge soos onvoltooide bio-omsetting, lae metaanopbrengste, 

prosesonstabiliteit en is nie ekonomies lewensvatbaar nie. ’n Sistematiese evaluasie-instrument 

wat met beide tegniese en ekonomiese werkverrigting integreer, sal kleinboere en 

ondersteunende regerings help om ’n gepaste oplossing vir ’n spesifieke konteks te identifiseer. 

Die eerste doelwit van hierdie navorsingsprojek was om die beskikbaarheid en potensiaal van 

landbouresidu biomassavoer vir biogas en biokunsmisproduksie in Suid-Afrikaanse en 

Madagassiese kleinboersisteme te kwantifiseer. Die biomassaberaminge is gedoen deur ’n 

kombinasie van kleinboeropnames, literatuurmodelle, en data beskikbaar vir die publiek. 

Jaarliks genereer opkomende Suid-Afrikaanse kleinboerhuishoudings 12 en 121 ton 

gewasresidu’s en diermis, onderskeidelik. Landbouhuishoudings in Madagaskar genereer 

jaarliks 7.3 en 19.4 ton gewasresidu’s en diermis op ’n vars-gewigbasis, onderskeidelik. 

Die tweede doelwit was om die potensiële kleinskaal AV-tegnologieë te assesseer wat gebruik 

sal word in kleinboersisteme deur multi-kriteria besluit analise (MCDA)-metodes te gebruik. 

Die Eenvoudige Multi-Eienskap Beoordelingtegniek en die Analitiese Hiërargie Proses-

benaderinge van MCDA is gebruik as ’n besluit-ondersteuning-instrument, en die gekose AV-

tegnologie (DIY Biobag verteerderontwerpmodel) is gekies uit ’n lys van potensiële kleinskaal 

AV-tegnologieë. 

Na die voltooiing van die eerste twee doelwitte, is doelwit drie ingesluit om die beste ko-

verteerderstrategie vir die potensiële landbousubstrate onder verskillende bedryfskondisies te 

bepaal, deur ’n kombinasie van die Anaerobiese Verteerder Model No. 1 (ADM1) en ’n Monte 

Carlo-benadering vir waarskynlikheidsimulasie met die insluiting van parametriese 

onsekerheid, te gebruik. Resultate dui aan dat ko-vertering gemiddelde metaaninhoud met tot 

8% verhoog in vergelyking met monovertering van individuele substrate. Die resulterende 

metaanproduksiewaarskynlikhiedsdistribusie is gepas deur ’n Gausiese Mengselmodel te 

gebruik, wat gebruik kan word om vir onsekerhede in tegno-ekonomiese 

uitvoerbaarheidassesserings te reken. 
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Ten spyte van sy potensiële voordele vir boere, behels AV-tegnologie-implementering kapitaal 

en bedryfskostes om aan te koop, te installeer en bedryf. Daarom was die vierde doelwit om ’n 

analise-instrument te ontwikkel en demonstreer vir tegno-ekonomiese 

uitvoerbaarheidassessering, eksplisiet gesentreer in die water-energie-voedel-neksuskonteks 

om die uitvoerbaarheid van anaerobiese vertering te evalueer. Tot hierdie doel het die ko-

produksie van biogas en biokunsmis geresulteer in die mees volhoubare oplossing in beide 

finansiële en ekonomiese analise, met ’n gemiddelde finansiële en ekonomiese opbrengskoers 

van 14% en 67% en voordeel-kostes-verhouding van 1.40 en 5.97 onderskeidelik onder 

verskillende scenario’s. 

Verdere werk word vereis om te fokus op die implementasie en toepassing van hierdie 

metodologie in ander AV-projekte waar ’n gedetaileerde analise van die ligging vir ’n 

spesifieke toepassing benodig word in die neksuskonteks omdat hulpbronbeskikbaarheid van 

’n spesifieke dorp kan verskil. Dit kan gedoen word om ekonomiese en/of 

omgewingsvolhoubaarheid te maksimeer en by te dra tot landelike ekonomiese ontwikkeling. 
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conclusions and recommendations of this dissertation and followed by an appendix, where 

supplementary information is provided for the chapters.  
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Chapter 1 

1. Introduction 

 Background and Justification 

Smallholder farmers are important drivers of numerous economies around the world, albeit 

their economic contributions are not always acknowledged, particularly in Africa [1,2]. In 

general terms, smallholder farmers are defined by their low asset base and operate on small 

farms, less than 2 hectares of land, according to the World Bank’s Rural Development Strategy 

[3]. Smallholder farmers produce some of the major commodities consumed in the world and 

provide the majority of the globe’s present food requirements (provide > 70% of the food 

calories to people living in sub-Saharan Africa and Asia) [1]. However, their farming practices 

are currently facing multiple challenges in low- and middle-income countries (LMICs) 

including low productivity, lack of access to reliable, affordable and high-quality energy 

services and climate change-related issues [4–6]. Anaerobic digestion (AD) technology might 

be one of the most suitable ways to provide renewable energy and recycle nutrients within an 

agro-ecological smallholder production system. 

Anaerobic digestion (AD) technology has increasingly attracted attention due to its capability 

of converting organic wastes into renewable energy like biogas [7] and a stabilized organic 

fertilizer [8]. Biogas produced from AD processes consists primarily of methane (CH4) (40–

75%) and carbon dioxide (CO2) (15–60%) [9]. The biogas composition is mainly influenced 

by the feedstock used for digestion, the microbial process itself and operational parameters of 

the anaerobic digester [10]. Biogas can be used as a cooking, heating and lighting energy source 

in rural areas of LMICs.    

Anaerobic digestion technology has been expected as one of the key sources of clean and 

renewable energy that can bring change to low-income rural societies in LMICs [11]. However, 

its implementation and usage has not grown as expected in the majority of the LMICs, 

particularly in the smallholder farming system where it was anticipated to have a significant 

positive impact. The main barriers to AD uptake in Sub Saharan African countries (henceforth 

SSA) include technical, financial, institutional, and socio-cultural factors [12,13]. The high 

installation and maintenance  costs of conventional AD systems appear to remain financially 

prohibitive as numerous poor rural households and smallholder farmers cannot afford the high 

initial investment costs of AD plants implementation [13]. Shortcomings of the technology in 
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SSA also include incomplete bioconversion, low methane yields, process instability, economic 

non-viability and a gap in appropriate institutional support and government policies [12,14].  

Access to affordable, modern and sustainable energy services for smallholder farmers could 

have substantial positive impacts on rural poverty and development in LMICs [5] as well as on 

rural health issues [15]. Improved productivity, profitability and sustainability of a farming 

business is vital for smallholder farmers to secure their livelihood. Nevertheless, smallholder 

agriculture in LMICs is currently facing energy-related challenges to sustainability [5,6]. 

Water, energy and food (WEF) are among the essential natural resources required to meet basic 

human needs, to build a desirable and sustainable social and economic development. There are 

increasing demands for these resources because of the increasing population, living standards, 

climate change and other factors. The WEF resource systems are inextricably connected, and 

their sustainable management depends on numerous factors including resource availability, 

technology choices, fuel choices and market aspects [16]. In addition to their complexity, WEF 

resources are interlinked and share similar challenges including achieving access to food, water 

and energy for everyone (rising demand), producing and consuming resources more 

sustainably, de-coupling from fossil fuels,  managing waste, and preserving the natural 

resource base [5]. Due to these complex interactions, there is an increasing number of potential 

conflicts and trade-offs between these resources. Hence, in the absence of efficient use and 

synergistic utilization of these resources, the risk of shortages will increase.  

From a WEF nexus perspective, AD technology might be one of the most suitable ways to 

provide multiple benefits across water, energy and food domains when integrated into 

smallholder farming systems. The technology can provide clean and renewable energy for 

smallholder farmers. In smallholder-based food systems, the sources and uses of energy are 

diverse within small farms, rural enterprises and communities. However, the energy source for 

most of developing African countries is still dominated by traditional forms of energy such as 

fuelwood, charcoal, cow dung and crop residues, especially as the major cooking and heating 

energy source within rural and semi-rural areas [17]. To significantly advance living standards, 

access to modern energy is crucial.  

In addition to energy, the use of AD has the potential to recycle nutrients and circulate resources 

within a smallholder agro-ecological production system in the nexus context. During the 

anaerobic microbial digestion process, nutrients (macro- and micro-) are mineralized, 

improving accessibility to nutrients bound in organic matter to plants [18]. One of the most 

important relationships between AD technology and enhanced smallholder farming is via the 

application of bio-digested slurry (digestate) to farming land as fertilizer, thereby benefitting 
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from improved yield [19]. If this digestate is exploited as an agricultural fertilizer or in plant 

production, nutrients (N and other mineral elements such as P, K and Ca) contained in the 

feedstock are retained in the nutrient cycle and will be available as fertilizer after the AD 

process. This improves the biological and physico-chemical quality of the soil in addition to 

improving crop productivity [20–22] and the sustainability of the AD technology is enhanced 

[23,24]. Furthermore, if appropriately applied, digestate benefits soil structure and water 

retention on farming land, thereby reducing the environmental implications of food production 

and contributing positively to water and land management [25,26].  Wager-Baumann [27] 

recommended that digestate may reduce the need for irrigation by enhancing the properties of 

soil moisture retention capacity. Small-scale farmers represent most of the rural population in 

developing African countries, and the use of mineral fertilizers is very low; as a result, there is 

a chance for high-quality bio-fertilizers to help farmers in improving productivity [28]. 

However, framing AD as only contributing to energy-related aims affects technological 

pathways. Considering AD as only an energy technology reduces the potential of the AD 

technology to perform against socio-economics and environmental aims across the WEF nexus 

[26]. To improve resource use efficiency, maximize synergies and minimize trade-offs among 

them, and internalize social and environmental impacts, considering how WEF systems operate 

and interact is crucial [29]. 

Biomass is considered a renewable source of energy that can create a large contribution in 

providing the fast-growing energy demand in a sustainable way [30]. However, competition 

among diverse uses of agricultural residue biomass resources refers to the fact that the use of 

biomass for energy generation should not negatively affect their use for livestock feeding and 

soil protection and/or fertility [5]. The use of land is also an important factor in the production 

of food and bioenergy resources, and its availability varies among and within regions and 

countries [31]. The trade-offs between competing uses of these resources are not easy to 

balance, as competition for biomass for fertilizer, feed, fuel and food increases [32]. For 

biomass-based energy production, ensuring the required quantity, the required quality and the 

right kind of feedstock is a key challenge. Also, the cost of biomass collection and 

transportation is important to whether biomass-based plant runs economically or not. Such 

factors are important for the successful and profitable processing of biomass-based plants like 

AD [33]. For building and operating AD systems for biogas production, biomass feedstock 

needs to be sufficiently available and its utilisation (including collection, transport and 

pretreatment) technically feasible, and the competing uses should be balanced to benefit the 

overall system  [30]. Thus, a systematic economic evaluation that integrates both technical and 
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economic performance is key to help smallholders (or supporting governments) to identify the 

most appropriate technology, as the feasibility is the main hurdle hampering the development 

of small-scale AD implementation [34,35]. 

Several studies have been conducted on biogas production process using different mono-

substrate feedstock [36,37]. However, AD of mono-substrates (such as agricultural substrates) 

presents some disadvantages linked to substrate properties or characteristics that lead to low 

biogas and methane yields [38]. This is due to their unbalanced composition, absence of 

diversified microorganisms, complex lignocellulosic structure, and other factors [39]. To 

overcome the potential limitations of mono digestion, two or more substrates can be co-

digested simultaneously, which can increase biogas yields [40].  

Co-digestion technology is a promising technology to overcome drawbacks of mono-substrate 

digestion, improve positive synergisms in the digestion medium and potentially enhance an 

AD plant’s economic feasibility through higher methane generation [38]. However, compared 

to the mono-substrate digestion processes, the co-digestion process needs proper management 

of organic materials as well as appropriate co-substrate selection that favours positive 

interactions (i.e. macro- and micronutrient equilibrium, increased biodegradable organic matter 

load, dilute toxic or inhibitory compounds and/or moisture balance) in order to improve 

potential stability and biogas generation [38]. As the anaerobic co-digestion technology 

applicability and demand increases, the complexity of the system increases due to the 

variability of co-substrate characterization which needs advanced analytical approaches for 

study [39].  

Conducting multiple long-term co-digestion experiments is costly and time consuming; 

mathematical modelling provides an alternative [41,42], if the model prediction uncertainty 

can be quantified. The Anaerobic Digestion Model No. 1 (ADM1) developed by the 

International Water Association’s (IWA) Task Group is one of the most powerful mathematical 

models employed to predict, monitor and optimize biogas generation during AD [39,43–46]. 

The results of mathematical modelling studies are appropriate to inform techno-economic 

feasibility assessments to explicitly account for uncertainty and avoid subsequent 

computationally expensive technical model simulations multiple times in techno-economic 

analysis. 

Anaerobic digestion technology represents one of the few small-scale technologies that could 

offer the technical possibility of decentralized approaches to development in LMICs [47]. It is 

one option for providing renewable technologies in LMICs and could play a significant role to 
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recycle nutrients, improve agricultural productivity, and alleviate energy and environmental 

challenges. However, it is common that due to inadequate expertise (lack of awareness and 

knowledge) in SSA, several biogas consumers do not get the benefit of the full potential of AD 

technology mainly when the utilization of digestate, is poorly understood [13], which 

contributed to the low implementation rate. Tucho et al [48] described that in developing 

African countries, the majority of biogas consumers directly discharge the slurry to the 

environment. Discharging openly to the surroundings can be worse than using traditional 

biomass in conventional hotplates [48]. Using as compost or drying the digestate and using as 

organic fertilizer can be an alternative to recycle the nutrients [49]. If not, installing the AD 

plant with no appropriate slurry management will be a waste of resources.  

Poor technology selection also contributed to the low implementation rate of the small-scale 

AD technology uptake in Africa, despite all its potential advantages. In several cases, small-

scale anaerobic digester technology projects are implemented without any systematic planning 

and technology selection, and  without considering the availability of local technical knowledge 

and skills, environmental and socio-economic perspectives [50]. This leads to digester 

abandonment and failure in implementing small-scale AD projects in remote rural areas of 

LMICs [51]. These are the exact areas that could also stand to benefit significantly from such 

technologies.  

However, the main challenge for addressing the above-mentioned aims is the absence of 

analysis tools to compare economics and efficiencies of present and future AD systems in the 

nexus context, hampering the selection of best strategies for optimizing WEF use. Therefore, 

the motivation of this dissertation was to investigate whether and how small-scale (4 - 30 m3) 

anaerobic digesters used in LMICs [50,52–55] can be successfully integrated into smallholder 

farming systems in the framework of the WEF nexus to help farmers to improve productivity 

and energy services. The proposed approach was to quantify the availability and potential of 

biomass feedstock in representative smallholder farming schemes and to critically analyse the 

technical performance of small-scale AD implementation, followed by the development of an 

analysis tool for a techno-economic feasibility assessment of AD using the WEF nexus 

framework within a smallholder farming context, and to demonstrate the tool. For this work, 

South Africa and Madagascar were selected as case studies, to inform the development of an 

analysis tool and to demonstrate the method using the study sites. These countries were selected 

as the work is a part of the project EcoAfrica based in Madagascar, conducting research in 

African agriculture in collaboration with different African countries including Stellenbosch 

University, South Africa in the African Research Universities Alliance (ARUA) network). 
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 Research Objectives 

The ultimate aim of the study was to develop an analysis tool to be used to identify the AD 

approach (feedstock, digestion strategies, appropriate digester technology, and other site-

specific variables, as well as utilization of biogas and digestate) with the greatest techno-

economic feasibility in smallholder farming systems across the WEF nexus, and to apply the 

tool to the selected case study areas.  

The aim was achieved using a combination of smallholder surveys, literature models, publicly 

available data, modelling methods and development of a techno-economic assessment tool. The 

following objectives were identified in this regard: 

1. Quantify the availability and potential of biomass feedstock for biogas and bio-fertilizer 

production at a representative smallholder farming system (in the two selected regions) 

level to make AD valuable, viable and sustainable. This objective was addressed in Chapter 

4 and 5 for the two selected case study regions. 

2. Assess the potential small-scale AD technologies to be used in smallholder farming systems 

using multi-criteria decision analysis (MCDA) methods. This objective was addressed in 

Chapter 6. 

3. Simulate anaerobic mono- and co-digestion of agricultural substrates under different 

operating conditions using the ADM1 and to establish the best AD strategy. This objective 

was addressed in Chapter 7 of the dissertation. 

4. Development of an analysis tool for techno-economic feasibility assessment explicitly 

centred in the WEF framework. This objective was addressed in Chapter 8 by demonstrating 

the developed analysis tool in two case study areas in South Africa. 

 Research questions 

The main research questions of this dissertation were: 

o How does one quantify whether the potential of biomass feedstock on smallholder 

farms (in selected areas) is sufficient to make AD economical viable? Are there 

competing uses for feedstock within a smallholder system? 

o What is currently the most appropriate small-scale anaerobic digester technology for 

treating agricultural substrates in a smallholder farming context?  

o Which agricultural substrates yield the highest biogas and methane yields under 

different operating conditions in mono/co-digestion techniques? 

o How does one develop a suitable tool for techno-economic analysis of the AD in 

smallholder farming systems in the context of the WEF nexus? 
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Chapter 2 

2. Literature review 

This chapter of the dissertation provides the development and technical contextual 

to the study and presents and reviews the relevant publications and studies. This 

is to offer the basic knowledge and update the reader of the state of the art, needed 

to understand the study and interpret the results. More detailed reviews of the 

studied objectives are also discussed in the appropriate chapters and sections. 

 Definition of smallholder farmers  

Definitions of small farms vary broadly from country to country and vary in approaches to 

quantifying the number of smallholders [1]. The variations in smallholder definitions depend 

on the farm characteristics taken into account, ranging from socio-economic features to 

resource endowments and agro-ecological dimensions [2]. The term ‘smallholder’ is often 

interchangeably used with ‘small-scale’, ‘subsistence farm’, ‘family farm’, ‘peasant farmer’, 

‘low-input farm’, ‘low-income farm’, ‘resource-poor farm’, and ‘low-technology farm’ [2,3]. 

The most commonly used approach for regional or global estimates is that of using the size of 

an agricultural holding[1]. Generally, smallholder farmers are defined as having small-based 

plots of land (below 2 ha) and limited resources relative to other farmers in the sector [3,4]. The 

numerous ways of smallholder farmers definitions agree that smallholders produce both food 

and non-food products including livestock, fish and sea products well as field and tree crops; 

with limited resources such as skills and labour, capital and land [5]. 

Globally, there are more than 570 million farms; 83% of which are in Asia (74%) and sub-

Saharan Africa (9%), more than 475 million farms are smaller than 2 ha [1,6]. These 

smallholder farms operate only about 12% of the world’s farmland and yet many of these 

farmers are poor and somewhat neglected. Their farming practices are also characterized by 

low productivity in LMICs. Increasing productivity from good agricultural practice and food 

processing is important for overall poverty reduction, food security and economic development 

[7]. From this perspective, one of the ways to ensure food security is to improve the productivity 

(agricultural output, and the household income) of smallholders.  
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 Anaerobic digestion technology development  

Over 50 million biogas systems have been installed throughout the world to produce gas for 

cooking [8–10]. Across Asian countries alone, tens of millions of small-scale anaerobic 

digesters are used in households or on small farms [8,9,11–14]. The production of biogas in 

Europe also reached 1.35 × 107 t in 2014  [15].  

The majority of African countries showed a low level of technological development and low 

dissemination strategy of domestic biogas [16,17]. In Africa, the use and research of household 

biogas digesters have a long history too. Whereas not as common as in Europe and Asia, 

household anaerobic digesters have been established in South Africa and Kenya since the 1950s 

[16,18] and at different times in various SSA, including Ethiopia since 1957 [19], Tanzania 

1970s [20], and South Sudan 2001 [16,21]. Until now, biogas digesters have been installed in 

many other SSA countries. In Africa, the most broadly used anaerobic digester model is that 

of small-scale anaerobic digester using domestic and household animal wastes [17,21]. The 

majority of the literature relating to the utilization of biogas in Africa discusses its possible 

input to the interests of its community, environmental protection and economic progress, or the 

challenges for large-scale uptake of the technology [10,22,23].  

Globally, over 2.5 billion people need clean and safe cooking fuel. In most LMICs’ households, 

traditional solid biomass resources such as firewood, charcoal, animal waste and agricultural 

residues provide energy [24,25]. Reliance on such solid fuels are causing substantial public 

health burdens due to its high indoor concentrations of household air pollutants [26] and 

accounts for nearly two million deaths annually [25], of which 600,000 deaths are in SSA alone 

[27].   

Anaerobic digestion technology is considered as one option for providing clean and renewable 

technologies in LMICs which could play a significant role to alleviate energy and 

environmental challenges. This technology has significant potential to contribute toward 

Africa’s energy requirements. Amongst others, its installation requirements are simple in rural 

developing communities that could produce enough energy for cooking and heating and could 

be expanded to community-based or commercial biogas generation efforts [17,28]. In several 

SSA countries, a number of digesters have been installed and utilize a range of feedstock, for 

instance, animal manure and human wastes, crop residues, slaughterhouse wastes, municipal 

and industrial wastes and waste from commercial farms (e.g. manure generated on chicken and 

dairy farms) [9,22,29]. However, only a few of them are operational due to poor technological 

selection and limited technical skills and studies [21,29]. The poor technological design 
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selections are mainly due to overlooking the local conditions and user energy needs, which 

contributed to the short lifetime of several installed AD systems [16,30,31]. To make 

appropriate design selections, the energy needs of the potential biogas user, feedstock 

availability (quantity, seasonal availability and ease of collection of both substrate and water), 

local building materials and environmental conditions etc need to be considered and used as 

indicators when selecting the AD system[30]. 

Although there are many possible benefits, uptake of small-scale anaerobic digesters in Africa 

is still low compared to other LMICs. In SSA, until now biogas technology has not been 

effectively implemented as either energy or economic strategies [16]. Currently, a number of 

national and international development programs and agencies have installed anaerobic 

digesters without charge or at low expenses to rural families in SSA, to support the adoption 

of bio-digesters and appreciate its benefits [9]. African Biogas Partnership Program (ABPP) 

had installed 57,000 biogas digesters by end of 2016 in five Africa countries (Ethiopia, Burkina 

Faso, Tanzania, Kenya, and Uganda,) since the program began in 2009 and about 320,000 

people have benefitted from the programs by June 2018 [25,32]. Consequently, focus in small 

scale biogas digesters in Africa has been more encouraged via the campaign efforts of a range 

of international organizations and foreign support agencies by means of their visits, 

conferences and publications [21]. These biogas programmes promoted by non-profit 

organizations that often lack long-term financial subsidies, technical knowledge and skills as 

well as institutional support [33]. The initial investment costs for the installation of 

conventional AD systems still present a substantial barrier in poor rural areas to increased 

implementation of AD technology [30,34].  

 Anaerobic digestion in South Africa 

In South Africa, the first anaerobic digester was built in 1957. However, the biogas sector is 

considered a nascent industry in South Africa [28]. This is due to the low rate of uptake, and 

general inexperience in designing, constructing and operating biogas facilities. In the late 1970s 

and early 1980s digesters were put to more active use at wastewater treatment works 

(WWTWs) [35]. The South African biogas industry is small compared to many other LMICs 

and the numbers lag far behind other African countries also. GreenCape [28] reported that there 

are 500 digesters in South Africa by the end of 2017. Other more recent studies indicate that 

there are approximately 700 biogas digesters installed in the whole of the country [36,37]. Of 

these digesters, nearly 50 % are small-scale digesters or domestic digesters, 40 % are at existing 

WWTWs, and only around 10 % of installations are commercial [17,31,35,38]. These figures 

are very small compared to other African countries, for example, in Kenya, Tanzania and 
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Ethiopia above 14 110, 11 100, and 10 680 household-scale biogas digester units are installed 

by 2014, respectively [9].  

In South Africa, currently, organizations such as the South African Biogas Industry Association 

(SABIA), the Renewable Energy Independent Power Producer Procurement Program 

(REIPPPP), the South African National Energy Development Institute (SANEDI), and Biogas 

South Africa are actively involved in biogas-associated programs [39]. In the country, the 

biogas companies include BiogasPro (Agama), Bio2Watt (Pty) Ltd, Biobag (Biogas SA), 

Netherlands Wild Goose Dutch Development Organization and Mpfuneko Community 

Support (MCS). The balloon and fixed dome digester designs are common in the country [31].  

Currently, even if attention to biogas technology in South Africa has been increasing, the 

number of operational biogas plants is still small.  

There are many challenges and difficulties faced by SA biogas technology uptake and 

expansion, mainly in households of rural areas where energy shortage increases. These 

challenges include high initial capital cost for constructing anaerobic digesters, lack of 

technical services (expertise) for construction and maintenance of the digesters, weak 

institutional structure for the distribution, low efficiency of biogas and lack of extensive biogas 

technology-related studies in the country [31,36,37] [31,35–37,40]. Also, the installed 

anaerobic digesters in different rural areas of SA have not been sized according to the local 

conditions, users’ needs and the availability of feedstock [31,37]. Large size anaerobic 

digesters might cause digester failure because of feeding below the required amount. There is 

a clear need for a comprehensive overview of the available biomass feedstock to further 

stimulate the development of AD technology in the country [35]. Furthermore, intensive and 

comprehensive training is essential to increase the awareness, understanding and knowledge of 

the technology, and to reduce anaerobic digester failures.  

Promoting the full economic benefits of the technology is also crucial in order to improve 

socio-economic hindrances, and thus enable the rural smallholders and farmers to realize the 

benefits of the technology [36,37]. Presently, the majority of the people who have the feedstock 

freely available do not have any information on anaerobic digestion technology particularly in 

rural areas of Southern Africa [41]. The financial viability of the technology is also a key 

challenge and is highly site-specific and only economically viable under certain conditions in 

the South African context [28]. Those situations with adequate feedstock either on-site or 

nearby, waste management costs, and higher energy requirements on-site or in close proximity 

and the ability to derive income from by-products are most likely to be financially viable [28]. 
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Therefore, there is a need for research mainly on the technical, economic, environmental and 

logistic feasibility of the use of AD technology from a local situation viewpoint. 

  Anaerobic digestion in Madagascar 

Madagascar is one of the poorest countries in the world where two-thirds of residents still live 

below the poverty line [42]. The country is considered to be the most susceptible to the 

influences of climate change exacerbated by deforestation, a lack of adaptability, natural 

disasters, chronic poverty and a high dependency on agriculture [43]. More than 80% of the 

population works in the agricultural sector and this leads to massive deforestation. One of the 

most serious challenges in the country is the lack of energy [42]. In Madagascar the majority 

of households, particularly those with low household incomes, relies on traditional forms of 

energy for cooking. Annually, more than 21 million m3 fuel woods is consumed in the country 

[44]. Cooking by electricity and gas (including biogas) remain luxury energy sources for most 

of the population in Madagascar. There is a lack of scientific literature in the country 

particularly on the utilization and adoption of AD technology for the production of biogas. 

From this viewpoint, integrating AD technology into the smallholder farms can potentially 

contribute significantly to addressing the aforementioned issues.  

 Uses of anaerobic digestion in smallholder farming systems 

There are three main reasons for integrating farm-scale biogas production into smallholder 

systems: i) energy production, ii) better utilization of nutrients in organic farming and iii) 

organic waste treatment [45]. Biogas production technologies provide energy, economic, and 

environmental benefits for people living in rural areas [46]. Implementation of AD technology 

in smallholder systems allows the capture and use of biogas while also contributing to waste 

management and recovery of plant nutrients. 

2.5.1 Energy production 

Affordable, sustainable and reliable access to energy is essential to enhance living standards, 

development and economic expansion for poor people in the rural areas of LMICs [47]. Small-

scale household digester technologies are easy to construct and operate and successful to 

distribute energy to remote rural areas and poor societies. Biogas derived from AD is a 

promising clean energy source with a possibility for diverse end-use applications such as direct 

combustion (cooking/heating and lighting), combustion in a CHP (cogeneration) plant to 

produce electricity and heat and upgraded to natural gas quality [48,49]. The end use of biogas 

in LMICs (which is mainly from the household-scale type digesters) is primarily limited to 
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cooking and lighting in the household in rural districts. Thus, its use substituting conventional 

domestic energy sources such as fuelwood, dung and agricultural residue, and other 

conventional fuels usually used in rural households for these purposes. Compared to fuelwood 

and dung, biogas burns more efficiently. In an open fire place, fuelwood burns at 5 to 8% overall 

efficiency and dung burns at 60% of that of fuelwood, whereas biogas burns at an overall 

efficiency of around 60% [50].  

Methane in biogas is the only component that contributes to the heating value, and it burns with 

a clean blue flame that is much hotter compared to the fire that is utilized for cooking as a 

traditional resource [49,51]. A 1 m3 biogas containing 60% methane has a heating value of 21.5 

MJ (equivalent to 5.97 kWh of electricity) at standard temperature and pressure in comparison 

to 35.8 MJ (equivalent to 9.94 kWh of electricity) per m3 of biomethane (pure methane) in the 

same condition [48,49]. However, the efficiency of biogas cookstoves in developing countries 

varies from 20 to 56% depending upon the design and operating conditions, and operates at an 

optimum gas pressure of 75–85 mm of water, with approximately 0.22–1.10 m3 per hour biogas 

consumption [49,51]. 

After cooking, lighting is the second most usual end-use of biogas in smallholders and rural 

communities, particularly in the areas that lack connection to the electrical grid. Biogas is used 

for lighting with the aid of exclusive gas mantle lamps which consume around 0.07–0.14 Nm3 

of biogas per hour [51]. Biogas lamps are less efficient than electric-powered lamps but more 

efficient than kerosene-powered lamps [14]. The application of AD for biogas generation has 

effectively enhanced the livelihoods of rural communities where it has substantially reduced 

the reliance on energy consumption from wood and fossil sources [52] and broadly used in 

countries such as India and China [50,52]. 

Biogas produced via AD is explosive, toxic and hazardous to humans, animals and equipment 

health and extreme care must be taken when working with and around it [11,53]. Besides 

methane (CH4) and carbon dioxide (CO2) raw/crude biogas also contains smaller quantities of 

water vapour and very low but problematic quantities of hydrogen sulfide (H2S) along with 

trace gases. With regards to biogas handling safety, the main issues to consider are explosivity, 

pressure, and human health risks because of the concentration of certain gases, particularly H2S 

[11,53]. As biogas is generated in an oxygen-free environment, it only becomes an explosion 

hazard when mixed with a certain concentration of ambient air, particularly between 5% and 

15% by volume, which are the lower- and upper explosive-limits, respectively [53]. Hydrogen 

sulfide is a harmful gas that can cause corrosion to biogas pipes, gas stoves, internal combustion 

engines and farm equipment in addition to posing a hazard to human and animal health [31]. 
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Therefore, before the biogas can be combusted in burners or used in combined heat and power 

(CHP) plants desulphurisation (to remove corrosive H2S) is required [54]. 

2.5.2 Digestate as organic fertilizer 

Anaerobic digestion has been reported as a useful technology to convert the nutrients contained 

in organic matter into plant-available forms in the digestate [55,56]. The composition and 

quality of the digestate are greatly reliant on feedstock and applied process conditions [57]. 

Digestate contains water, undissolved and suspended matter, and dissolved compounds[58]. 

Some of the solids and some of the dissolved materials can be plant nutrients. During the 

digestion process, depending on the operating condition (including temperature and pH) of the 

AD plant, nitrogen (N) can be lost (as ammonia, NH3) to a certain extent [59]. However, most 

of the nitrogen and all other mineral elements (including major plant nutrients such as P, K and 

Ca) contained in the feedstock remain in the digestate [57,58], which can be viewed as an 

organic and decarbonized fertilizer [60]. During AD, a net loss of 5 to 10% of the total N is 

reported by Schievano et al. [61]. Strik et al. [62] recommended losses of N could occur as 

migration of ammonia with the biogas flux. However, according to Schievano et al. [61] the N 

loss that occurred by this mechanism is less than 1%, recommending that the remaining loss 

occurred by partial organic or inorganic matter sedimentation and subsequent retention in the 

reactor. 

Nitrogen (N) is a major plant nutrient and is found in the plant in both organic and inorganic 

forms. It is the most common plant growth-limiting factor [63]. During the anaerobic digestion 

process, the organic nitrogen compounds are mineralized to N-NH4
+, which allows its 

immediate uptake by crops [63]. The higher the concentration of N-NH4+, the higher the 

efficiency of the digestate as a N-fertilizer [58]. A part of the N-NH4
+ is used by 

microorganisms (in the digester) for growth [55]. The digestate N-NH4+ concentration is 

directly associated with the input feedstock total-N content [55,63]. The phosphorus (P) 

availability for the plant will improve during the degradation processes of AD. Some P is in 

organic form (i.e., bound as part of organic material) and unavailable for crop uptake. However, 

it is available for crop uptake when organic P is converted by microbes to inorganic forms of 

P. The portion of dissolved P which is mineralized during the AD process is related to 

suspended solids [55]. The contents of Ca, K, and Mg become soluble and are not changed 

during the AD process [58]. This improves the quality of the soil in addition to improving crop 

yield and productivity [7,58,64,65] and the financial sustainability of the AD process 

technology is improved [65,66]. The utilization of biogas digestate as bio-fertilizers contributes 
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to improving or sustaining the quality of soil and in parallel reduces the cost for both mineral 

fertilizer and possible dumping of the digestate [59,65]. 

Based on their dry matter (DM) content, digestate can be classified as solid and liquid digestate. 

The DM contents will help to decide the management or handling of the digestate as a liquid 

or as a solid stream independently. In amount, the liquid digestate contains <15% DM, whereas 

the solid digestate contains >15% DM [63,64]. Implementation of agricultural biogas digesters 

is attached to producing a high quantity of post-digestion matter. The liquid portion of the 

digestate commonly comprises a higher amount of potassium and nitrogen concentration and 

can be utilized as a bio-fertilizer for arable land fertigation or used to recycle nutrients 

[57,58,67]. Whereas, the solid portion of the digestate comprises a higher quantity of 

phosphorus and fibres [57,64]. The solid portion of the digestate can be used similarly to 

composts or could be composted with other organic residues and can be easily transported from 

place to place than the liquid material [63]. 

When the digestate is compared with unprocessed animal waste slurries and manure it has many 

advantages, such as higher plant nutrient availability, better homogeneity, lower viscosity 

which enhances fertilizer efficiency, reduced content of total organic carbon and total solids 

(TS), lower C/N ratio, a higher proportion of ammonium (NH4
+), elevated pH value and also 

considerably reduced odours. Furthermore, during the AD process, losses of nutrients tend to 

be considerably lower 5–10% than during composting 26–62% [68]. Thus, anaerobic digestion 

will maintain 1.2–2.5 times more nitrogen in digestate than is maintained in compost with the 

same starting organic material. Utilization of digestate with good farming practice will increase 

N-efficiency significantly and will minimize losses of nutrients by evaporation and leaching 

[7,11]. Intending to maximize agricultural productivity and environmental performance, the 

utilization of digestate as organic fertilizer shows a competent means of nutrient recovery in 

farming and lowering the external contribution of inorganic fertilizer. However, there are 

several potential factors (the distribution and composition of digestate, field application 

method, and timing, etc.) that need to be considered [59].  

In addition to micro- and macro-nutrients, the digestate may also contain various organic 

pollutants, heavy metals, pesticides and antibiotics [69]. Utilizing digestate on an arable farm 

with such pollutants can bring the risk of adding possible toxic compounds irregularly found 

in digestate. Those toxic substances may enter the digestate as contaminants with the organic 

feedstock treated in the anaerobic digester [69,70]. These substances may influence soil quality 

negatively and also affect plant growth and the environment [69]. During the AD process, some 
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biological contaminants can be effectively degraded, and the majority of challenging pathogens 

are significantly reduced.  

2.5.3 Organic waste management 

Appropriate waste management practice is important for any sustainable society. In many 

Asian countries, waste is considered a valuable resource of renewable energy [17]. During 

recent years, solid waste management has become one of the main environmental concerns 

[71]. The international accepted hierarchy of waste management has moved the attention from 

disposal to minimization at source, re-use and recycling of inevitable waste, and treatment to 

ensure a sustainable waste management system [72]. Usually, the most important reason for 

using anaerobic digestion is related to organic waste treatment (agricultural waste, animal 

manure, human excreta, biological sludge, and other organic wastes) and thus reduce its 

environmental impact [71,73]. AD can also contribute to reducing the volume of waste and of 

costs for waste disposal. 

Farming waste is one of the main anthropogenic sources of methane present in the atmosphere. 

Farming wastes that are generated from daily farming activities are classified as liquid or solid 

which includes: farm animal manure, crop residue, pesticides, and fertilizers. Untreated animal 

manure (CH4 emission), synthetic (N) fertilizer such as urea and crop residues (N2O emissions), 

urea and lime (CO2 emissions) is a source of pollution which causes a negative impact on the 

environment and human health [74,75]. These wastes contribute to GHG emissions which may 

increase the risks of climate change. Utilization of such wastes in an efficient way has a 

significant impact on the economic benefits and environmental performance whereas 

underutilization of such wastes causes loss of possible incomes and increasing volume of waste 

and disposal costs [73].  

Anaerobic digestion for biogas production has the potential to minimize pathogens loadings to 

the environment because of the combined effects of physical, chemical and biological 

processes [76]. Poor sanitation directly affects public health and is one of the key factors that 

inhibit human development [77]. In LMICs, inadequate sanitation (including hygiene) and 

water, caused an estimated 842,000 deaths in 2012 and accounts for about 1.5% of the global 

disease burden [78]. In untreated organic wastes and manures of both animal and human origin, 

a diverse range of pathogens is present. The burdens of these pathogens entering the 

environment can lead to disease, through direct handling and contamination of water supplies 

used for washing and drinking. Excreta from animals and humans, applied fresh and dried, 

composted or directly deposited by humans or animals, presents a source of faecally 
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contaminated run-off [79]. Pathogens are rapidly inactivated by heat as they are highly reliant 

on time and temperature, rising temperature leading to more rapid die-off [76,79].  

 Anaerobic digestion process 

The anaerobic digestion (AD) process refers to the biochemical degradation of organic matter 

with different species of bacteria operating in anaerobic mode [80]. This technology has 

interested more and further focus because of its capacity in changing organic waste matter to 

important renewable energy (biogas) and a plant nutrient-rich organic fertilizer (digestate) [81–

83]. At present AD technology has become a key process for the management of agricultural 

residues and food wastes [84]. To produce biogas via AD any organic waste containing 

relatively high amounts of volatile organic matter can be used [85]. Conversion processes in 

anaerobic digestion consist of several stages. Major stages in the biochemical pathway include 

hydrolysis, acid-formation (acedogenesis), acetic acid formation (acetogenesis), and methane 

generation (methanogenesis) [86,87].  

1. Hydrolysis 

In the hydrolysis step, the macromolecular chains and particulates of the organic matter in 

anaerobic digesters must be first converted into their smaller constituent portions to access the 

possible chemical energy of the organic material by the microorganisms. In this step, the 

hydrolysis phase involves the use of enzymes (originating from the anaerobic bacteria in the 

digester) to decompose high molecular weight insoluble organic substances or the initial 

organic material of the complex compounds (such as carbohydrates, proteins, cellulose, and 

fats) into low molecular soluble constituents (e.g., amino acids, fatty acids, sugars). 

Polysaccharides are converted into monosaccharides and oligosaccharides. Monomers such as 

sugars and other constituent parts are readily available to microorganisms for further utilisation 

[88]. 

2. Acidogenesis 

 In the second stage, acidification (acidogenesis), through acid-forming bacteria continue the 

decomposition process into simpler compounds such as organic acids (acetic, butyric and 

propionic acid) with hydrogen and carbon dioxide and small amounts of alcohols and lactic 

acid. In this stage, the intracellular conversion of simple sugars causes the formation of pyruvic 

acid that is a key intermediate product of metabolism [89]. The microbes utilize the monomers 

which come from hydrolysis as a substrate to convert into organic acids. During the 

acidification process, facultative anaerobic bacteria consume carbon and oxygen residues [89] 

to promote anaerobic conditions for methanogenesis [90].  
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3. Acetogenesis 

In the third stage, the so-called acetic acid formation (acetogenesis), the products of 

acidification are converted by mainly acetogenic bacteria to form acetate, carbon dioxide, and 

hydrogen. Acetic acid is formed from organic acids. Acetogenic bacteria belonging to genera 

Syntrophomonas and Syntrophobacter [90,91] change the acid stage products into hydrogen, 

carbon dioxide and acetic acid. 

4. Methanogenesis 

The fourth phase, methanogenesis, involves methane-forming bacteria producing methane 

from carbon dioxide and hydrogen and acetic acid in two pathways:  

First, the initial acetate group degrades to methane and carbon dioxide, and the next group uses 

hydrogen gas as an electron donor and carbon dioxide as an electron acceptor and produce 

methane and water [46]. The process reactions through methanogenesis is a critical phase in 

the AD process as it is the slowest biochemical reaction of the AD process [87][91,92]. 

 Factors affecting biogas production 

Anaerobic digestion is an essential process for biogas generation, and it is known that AD 

processes are sensitive to environmental conditions for anaerobic microorganisms and are 

easily affected by process parameters. In order to improve AD processes and to reduce process 

failure certain operating parameters need to be monitored and optimized. The efficient 

production of biogas through AD depends on several factors investigated in several studies. 

Most of these studies reported factors related to the digester, operating conditions and AD 

process efficiency [86]. The main factors affecting the biodegradation process to increase the 

productivity of AD in the production of biogas have been identified as substrate composition, 

temperature, retention time, pH, C/N ratio, presence of a volatile substance, organic loading 

rate, mixing, and other parameters [84,93–96]. Some of these key parameters are described 

below: 

2.7.1 Carbon to nitrogen (C/N) Ratio 

The carbon to nitrogen (C/N) ratio of the substrate is an important factor in the AD process, 

where C is required for energy and both N and C are key for building the new cell structure 

[97]. A C/N range of 25-30:1 has been found to result in optimal gas production [87,90], 

although the exact optimal point depends on the nature of the feedstock. Co-digestion is often 

required to achieve an optimum C/N ratio. Feedstock with a C/N ratio < 8, e.g. poultry excreta 

and human excreta, may lead to excessive levels of ammonia (NH3) in the slurry, which is toxic 
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to the bacteria [87,98]. Higher C to N ratio causes a rapid reduction of nitrogen which results 

in lower gas production [87,90,99]. Co-digestion of carbon-rich agricultural substrates with 

nitrogen-rich feedstock (e.g. animal manure) can enhance the nutrient supply for microbial 

growth, process stability and biogas generation [100–103]. 

2.7.2 Concentration of substrate and organic loading rate (OLR) 

To describe the concentration of the solid substrate, the total solids (TS) content (dry matter 

content, DM) and volatile solids (VS) content are used. The concentration of solids in the input 

material to the digester influences the fermentation rate of the process. Total solid represents 

the weight or percentage of all solids in a liquid whereas volatile solids represent readily 

biodegradable matter. The VS parameter is important to estimate the potential gas yield of a 

given organic matter [104]. Within the substrate, the mobility of the methanogens is slowly 

impaired by rising solids content [105]. The solids (dissolved and suspended) concentration in 

the digester is generally best suited between 5 to10% to generate the highest amount of gas per 

cubic meter of slurry [105,106].  

The organic loading rate (OLR) is a key parameter in the design/sizing, technology selection 

and operation of biological AD processes and it indicates the amount of feed loaded per unit 

volume of digester per day [90,107]. It is expressed in kilograms of volatile solids per cubic 

meter of the digester. The solid portions of the organic materials that can be digested 

correspond to volatile solids, whereas the rest of the solids are fixed. A portion of the volatile 

solids and fixed solids are non-biodegradable. Organic loading rate (OLR) highly influences 

the steadiness of the process as well as the rate of biogas production [108]. Also, the methane 

production rate is extremely dependent on the OLR and it is considered as a rate-limiting factor 

for biogas generation [109]. Increasing organic loads permit for high-rate kinetics, supplied 

adequate nutrients and buffering capacity, which might improve the biogas production. 

However, process overloading conditions and low hydraulic retention time introduces volatile 

fatty acids (VFA) accumulation and may inhibit the process [108,110,111]. The exact loading 

rate relies on the nature of feedstock fed into the digester, as the varieties of feedstock determine 

the degree of biochemical activity that will happen in the reactor [107].  

2.7.3 Feedstock composition and available nutrients 

The nature of the feedstock determines the quantity and quality of the biogas yield in addition 

to the variability of the parameters mentioned above [92,105]. Biomass produces carbon and 

essential nutrients that facilitate the sustainable growth of the microbes in addition to the biogas 
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yield [105]. The growth of microorganisms affects the AD process. Hence, in order to sustain 

an optimal growth of the bacteria and to produce a high quantity of biogas from a specified 

feedstock, there might be a need to supply individual nutrients in adequate quantities and at 

correct proportions [112]. In AD processes a large number of organic materials can be exploited 

as feedstock. In order to grow, bacteria require an adequate supply of organic substances as a 

source of carbon and energy and need some nutrient minerals also. Bacterial growth requires a 

sufficient amount of nitrogen, phosphorous, potassium, sulfur, calcium, magnesium and also 

trace elements besides carbon, oxygen and hydrogen. Usually, farming wastes and municipal 

sewage contain sufficient ratios of these nutrients [92]. However, any individual substance with 

a higher concentration commonly has an inhibitory effect, so that analyses are recommended, 

to control which amount of which nutrients, if any, still needs to be added [92,99].  

2.7.4 Temperature, Hydraulic retention time and pH 

Anaerobic digestion is strongly affected by temperature in the biogas generation process. In 

principle, the fermentation of the anaerobic process is possible approximately between 3°C and 

70°C [113]. The bio-methanation process is very sensitive to changes in temperature and the 

methanogens are inactive in extreme low and high temperatures. The rate of reaction 

(bacteriological methane generation) rises with temperature. However, organic structures (e.g. 

proteins) are liable to become unstable as temperatures rise and can lose their functionality as 

biological processes have optimum temperatures [114]. On the other side, if the biomass 

temperature is <15°C heating is required in order to increase gas production to be economically 

feasible [115]. The AD process can take place at three temperature ranges to operate 

microorganisms in anaerobic digesters [116]: 

(i) The temperature range lies below 25°C for psychrophilic, 

(ii)  The temperature ranges from 25°C - 45°C for mesophilic and 

(iii)  The temperature ranges from 45°C - 70oC for thermophilic. 

In the AD process, all bacteria work best in their specific temperature range, and it is advised 

that temperatures are kept within one of the ranges. The variations in temperature or the degree 

of sensitivity depending on the range. The fluctuations not exceeding ± 2°C.h-1 for 

psychrophilic, ± 1°C.h-1 for mesophilic and ± 0.5°C.h-1 for thermophilic temperature range may 

be regarded as still un-inhibitory for the process of fermentation [117].  Most of the time the 

mesophilic temperature ranges is preferable for most acid-forming microorganisms to grow 

[118]. The mesophilic condition is the most familiar range due to its operational stability and 

lower costs compare to the thermophilic condition [35].  
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Hydraulic retention time is defined as how long the organic matter remains inside the digester 

until discharged [86,119]. It is determined by the digester volume and the amount of substrate 

loaded per unit of time [94] and is usually measured in days. Depending on the type of digester, 

type of substrate and environmental conditions the required retention time varies from case to 

case. In low-income countries, the common small scale digesters in the mesophilic range and 

retention time of 15 to 30 days were reported [104]. For instance, digesting cattle manure for 

more than 30 days will not increase the gas yield [120].  

For obtaining the maximum biogas yield, a high retention time would require for complete 

digestion of the substrate and correspondingly large size of the digester and thus extra expenses 

[119,121]. A short retention time determines a better flow rate of the raw material, but low 

productivity in biogas yield. Also, too short retention time faces the risk of washout of 

undigested slurry as well as bacterial population before generating gas and also active 

pathogens leave the reactor [110]. 

In AD the pH can significantly affect the biological processes. The biochemical activities of 

given acidogenic microbial populations and methanogenic bacteria are influenced by pH 

ranges, as a result, this affects the process constancy [95]. The buffering capacity of the slurry 

of the reactor indicates the performance of the process. So, pH adjustment and monitoring are 

very important to improve the self-buffering capacity of the AD process and to satisfy the 

desires of the microbial populations [95,122]. The methane gas-generating bacteria work and 

live best in neutral to slightly alkaline conditions. The methanogenic group is the most sensitive 

to changing pH, and various studies have shown that the methanogenic bacteria grow optimally 

within the pH range of 6.8–7.2 [114,123]. A fall in pH under 6.8 is an indication of acid build-

up in the slurry, which could result from a sudden change in the operating conditions, for 

instance, the temperature, or the presence of toxins in the slurry. 

2.7.5 Mixing 

To improve the contact between the microorganisms in the slurry and sustain process stability 

inside the reactor some sort of substrate mixing or stirring is essential. The anaerobic digester 

does not always require continuous mixing, in practice, intermittent mixing is often used (can 

differ from a few times a day to several times an hour) [118]. The mainly significant purposes 

of stirring the digester contents are to improve contact between substrate and bacteria, remove 

the metabolites produced by the methanogens (gas), prevent scum formation and sedimentation 

in the digester and enhance homogeneous temperature distribution and buffering alkalinity 

within the digester. For improved digestion, intermittent mixing is usually preferable as too 
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much mixing disturb the microbes. The mixing parameters depend on reactor types and design 

as well as physical and biochemical parameters of the substrate [86].  

2.7.6 Volatile fatty acids 

To determine the activity of the methanogenic consortia in the AD process, volatile fatty acids 

(VFAs) which is a product of AD is important and used as control parameters to assess 

performance [97]. The VFAs are intermediate products (propionate, acetate, lactate, butyrate), 

produced during acidogenesis, with a carbon chain of six carbons or fewer [11]. The 

methanogenic bacteria utilize VFA's and convert them into methane, and therefore a reduction 

in their community will result in high concentrations of VFAs [118], which causes pH values 

to decrease and result in toxic environments in the digester [124]. Whereas the lack of adequate 

organic material leads to a deficiency of VFAs, as a result, decreases the community of 

methanogenic bacteria [118]. The influence of the decreased number of methanogenic bacteria 

results in the rise of pH values above the maximum level, thereby, increasing the NH3 

concentration that leads to process failure [118,124].  

The different VFAs that are found in the AD process have diverse and cooperative influences 

on archaea and bacteria. Wang et al. [125] and Franke-Whittle et al. [124] considered that 

butyric acid and acetic acid contents of 1800 mgL-1 and 2400 mgL-1 , respectively, have no 

significant inhibition on the activity of methanogenic bacteria, while a propionic acid content 

of 900 mgL-1  show a substantial inhibition of the methanogens. The generation and 

accumulation of VFAs play an important role in arranging both methanogenic and bacterial 

communities and could show harmful and inhibitory influences on the AD process which might 

lead to a slow generation of biogas [90,126]. In the AD process, alkalinity, pH and VFAs are 

reliable indicators for process instability for a low buffered system, however, in highly buffered 

systems, pH changes can be small, even when the process is very stressed, and only VFAs can 

be considered reliable for process monitoring [124]. Therefore, more particularly, the 

knowledge of VFA concentration can provide vital information for process monitoring and can 

be a primary indicator for possible process imbalances [127].  

 Feedstock for anaerobic digestion 

In theory, almost all kinds of biological feedstock types can produce biogas [128]. However, 

the substrate choice will depend on the availability of the raw material, the nature of the 

substrate, the type of the digester, and its operating conditions [99,105,129,130]. The most 

common typical feedstock used for biogas production are animal manure and slurries, human 
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excreta, agricultural crop and remains, food industries and dairy production wastes, the organic 

fraction of municipal solid wastes (MSW), wastewater sludge, households wastes and co-

digestion of multiple feedstock [105,130]. In SSA households, the available feedstock for AD 

application is dependent on the socio-economic status and location of the households [131]. 

The volume of biogas that can be generated from a unit of mass of a definite feedstock is called 

the biogas yield (BY). Substrates containing a large number of sugars and fatty acids have a 

comparatively high biogas yield. For the biogas yield only the dry matter (DM), or the organic 

part of the dry matter (oDM) are determining. Hence, the yield can be calculated per kg of fresh 

matter (BYfm, i) or per kg of oDM [99,132]. Additionally, according to the type of biomass 

material, the percentage of methane obtained from the resultant biogas also varies [105]. So, 

biogas production depends on the sum mixture of components that are fed into the bio-digester 

[132]. 

Anaerobic digestion (AD) of single agricultural residue biomass feedstock presents some 

disadvantages related to substrate characteristics or properties, which leads to low biogas and 

methane yields [133]. This is because of the complex lignocellulosic structure of the substrates, 

imbalanced nutrient composition (e.g. C/N ratio), and the absence of diversified 

microorganisms [133–135]. Co-digestion technology is a promising alternative to overcome 

the mono-substrate digestion disadvantages and enhance the yields of the AD of organic 

materials because of the positive synergisms established in the digestion medium as well as 

increases the AD plant’s economic viability  [136]. Co-digestion is referred to as a treatment 

for anaerobically digesting a homogenous combination of two or more feedstock types 

simultaneously. Co-digestion is preferably used to increase digestion rate and process stability, 

increase biodigestibility of substrates, improve the buffering capacity of the digester and to 

achieve higher mass conversion [71,116,118,137]. For instance, mixing agricultural substrates 

(carbon-rich, but might lack nitrogen as crops are seasonal) with animal manure (characterized 

by low organic loads, but high nitrogen contents) can improve the availability of nutrients for 

microorganisms, maintain a stable pH and improve methane production via the co-digestion 

process  [136].  

Co-digestion is found to maintain the suitable balance of C:N ratio [118]. Substrates with high 

or low C/N ratios can be co-digested in order to keep the optimal balance between C and N 

(such as animal manure and organic solid wastes). The combination of feedstock with low 

nitrogen concentration and lipid is found to improve biogas generation in addition to minimize 

the risk of acid accumulation and high content of NH3 that cause process failure [118,134]. In 

co-digestion, the ratio of dry- to wet-feedstock can be manipulated to control the dry matter 
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content of the digester [138]. Co-digestion of the feedstock with high moisture content can 

dilute toxic compounds and enhance process performance and biogas yield [118,134,138].  

One of the most important factors that must be taken into consideration in the co-digestion 

process is the selection of compatible co-digestion feedstock to enhance methane generation 

and to avoid materials that may inhibit methane production [138,139]. Many AD studies have 

been focused on co-digestion and are common to many AD technology applications today 

[140]. This technique is one of the mainly familiar strategies to overcome complexities and 

limitations by AD of particular feedstock material. In several co-anaerobic digestion studies, 

cow manure was taken as the major feedstock, to improve methane production. Other resources 

such as by-products from food processing industries, activated sludge, municipal and industrial 

organic waste from households and industries, agricultural residues and waste were used 

[86,140]. Furthermore, co-digestion allows the utilization of a mixture of various waste streams 

that have varied properties in one common treatment facility and is a key to improving waste 

management and sanitation [71,137]. Despite the advantages of the co-digestion process, the 

technology has some drawbacks such as, need for appropriate co-substrate selection and further 

pre-treatment, higher mixing and energy requirement [118]. It is difficult to predict how a 

mixture of substrates will perform, and conducting multiple long-term co-digestion experiments 

is costly and time-consuming [141,142].   

 Moreover, certain agricultural residue substrates are extremely recalcitrant to microbial 

degradation and other forms of pretreatment might be required [143]. Particle size reduction is 

necessary to homogenize digestion feedstock to aid the anaerobic fermentation process and to 

facilitate downstream processes. The substrate particle size directly affects digestion as it has a 

direct indication on the available surface area for hydrolysing enzymes particularly with plant 

fibre [105]. The size reduction process can include stone grinding, milling, drumming, screw-

cutting, pulping or shredding machines based on the scale and design requirements of the plant 

[144]. 

 Types of anaerobic digesters 

Anaerobic digesters are commonly operated for treating sludge, biological manures, and other 

high solids wastes. All anaerobic digesters perform a similar fundamental function: they 

maintain the substrate in an oxygen-free environment under suitable conditions for methane 

forming microorganisms to grow [145]. The digester can be classified based on different 

parameters: dry or wet (substrate moisture content), thermophilic, mesophilic or psychrophilic 

(temperature of the system), continuous or batch (mode of feed) and single or multistage 

(process stages) [73,146]. Also, by combining different types, there are many other mixed 
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arrangements as no single system is the best in different conditions. However, all those 

digesters are further classified into three system classes as passive, low rate and high-rate 

systems. Passive digester systems are a digester where AD recovery is added to an existing 

treatment facility and there is little control of the anaerobic digestion process. An example of 

a passive digester system is a covered lagoon. Low-rate digesters are digesters where substrate 

stays for an extended duration in the digester to maximize biogas output. A high-rate digester 

is a digester where liquids in the digester stay for a small duration of time, while solids are held 

longer. A high rate type of digesters system is recommended for a smaller digester size while 

keeping high gas production [145,146]. Also, the system of the digester may be used for 

classification based on its scales such as small-scale digesters and large-scale digesters. 

Anaerobic digesters consist of four basic units: feedstock receiving unit/tank, fermenter or 

digester chamber where AD takes place, gas collector, and compensation tank for tapping off 

excess digestate [147]. 

There are two different basic operating modes of feeding digesters: batch and continuous. In 

batch digesters, the organic materials are filled once at the beginning of the process and 

allowing it to digest and then the effluent is removed and emptied more or less completely after 

a fixed retention time and repeated the process. The main advantages of batch processes include 

low maintenance and operation requirements and little systemic energy loss [148]. One of the 

examples of batch mode reactors is anaerobic sequencing batch reactors (SBR) which are 

operated discontinuously in a fill-and-draw approach. Continuous digesters are continuously 

loaded and discharged and stirred homogeneously in a continuous mode, however, in some 

instances, there will be semi-continuous systems. Continuous digesters empty automatically 

through the overflow and thus the substrate is flowable and uniform. Continuous digesters are 

more appropriate for rural households and are more prevalent [149]. It can be operated in a 

relatively steady state and produces constant and higher volumes of biogas than batch type 

digesters [148]. Continuous stirred tank reactors (CSTR), up-flow anaerobic sludge blanket 

reactors (UASB) and plug-flow systems are among continuous digesters [150].  

Usually, the selection of anaerobic digester type is determined by feedstock properties (the dry 

matter content). Dry digestion is applied to feedstock with more than 15% dry matter content, 

particularly for particulate solid contents where the digestion process needs to change solids 

into a gas without blocking the digester. Whereas for processing feedstock which has less than 

15% dry matter content, wet digestion is applied [63,151]. Dry digestion requires good 

technical equipment for substrate handling, mixing devices, pumping and pre-treatment 

compared to wet digestion [118]. Generally, small-scale anaerobic digesters follow a wet 
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digestion process with a maximal total solid (TS) content of five to ten percent [152]. The fluid 

properties of the slurry are crucial for the operation, as it is easier for the bacteria to meet with 

substrate accelerating the digestion process. Slurry plus solid feedstock are mostly digested in 

CSTR, whereas soluble organic feedstock is digested using up-flow anaerobic sludge blanket 

type (UASB) [150].  

2.9.1  Small-scale anaerobic digester types used in Africa 

Several different designs or models of small-scale anaerobic digesters are used around the 

world. Amongst these, the three main models of small-scale domestic anaerobic digesters that 

have been available and applied in rural areas of Sub-Saharan Africa countries are 

[9,60,99,130]:  

• Floating-drum digesters  

• Fixed dome digesters 

• Plastic flexible balloon digesters (the more recent) 

The first two models have been functional and are common mainly at the household scale in 

Africa. Small-scale household digesters are preferable in LMICs because of their small size (5 

to10 m3) to meet household energy demand for lighting and cooking purposes [9]. However, 

small-scale AD projects are often performed without any systematic planning and technology 

selection in several cases without considering the availability of local technical knowledge and 

skills, environmental and socio-economic perspectives [33]. The size and design of small-scale 

digesters may differ depending on feedstock availability, biogas and biofertilizer needs, climate 

conditions, materials availability, local skills, transportation access, and the price point [24,33]. 

Moreover, some of the technical features that should be taken into account comprises technical 

suitability (stability, gas and liquid tightness), sensitivity to temperature, the efficiency of 

biogas production, the capability to co-digest diverse feedstock and economic aspects [153]. In 

LMICs, there is a lack of scientific literature particularly on the utilization of communal 

digesters at the community level [154]. Community anaerobic digesters are digesters placed in 

a central area, shared between many households and are usually larger systems (20 m3 or 

higher), while institutional digesters are those installed in schools, hospitals, prisons or other 

institutions [131]. 

Fixed dome type of digesters is most commonly used in developing African countries at the 

small scale household level [10]. The shape of the fixed dome digester for biogas production 

is similar to a sphere and is commonly constructed underground using locally accessible 
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resources by blocks or/and bricks, stones, cement, sand and steel. Biogas is generated and 

collected under pressure below the dome at the upper part of the fermenter/digester. In this 

design, the biogas storage dome and the digestion chamber (fermentation chamber) are 

combined as one component and reduces the usage of a costlier mild steel gasholder [22]. 

Biogas is collected from the digester via a pipe attached to the top of the dome (gas holder for 

holding the produced gas from the digester). The pipe used to collect the biogas can be built 

with flexible hose pipes, PVC pipes or metal pipes. The digester size might differ depending 

on biogas needs (households size), local situations, and the quantity of feedstock and water 

available every day [48]. The fixed dome design is cheaper than the floating drum digesters. 

Also, it is easy and robust as they use immovable and non-rusting steel parts and can be 

constructed from local materials and expected a long lifespan of the digester is >20 years. The 

fixed dome digesters are constructed below ground which saves space and protects the digester 

from physical damage. The temperature remains almost constant due to the depth of the 

digester underground, which positively impacts the activities of the microbial community.  

Floating-drum digesters are commonly constructed of concrete and steel. In a floating drum 

digester, the cover and a moving gas-holder (which is used as the gas collector) are above 

ground and the rest of its parts are kept underground [48]. The gas collector floats either in a 

water jacket of its own or directly on the fermentation slurry. Feedstock and water are mixed 

in a mixing tank/pit before it flows into the belowground digester through an inlet pipe. 

Depending on the volume of gas being generated and stored, the gas drum rises and falls 

according to the gas pressure, which changes due to the production and utilisation of the gas. 

When extra feedstock is added, slurry discharges through the outlet pipe. To remove gas from 

the digester, the outlet gas pipe is connected to the drum. Relatively, the floating drum digesters 

have a high maintenance cost, initial capital and some design weaknesses [22,155]. Floating-

drum digester installations are operational, supplying gas with a fixed pressure, which is 

appropriate for domestic use but can be less robust and more expensive than a fixed dome 

digester [153]. In floating drum digesters, rust removal and painting is regularly needed. Also, 

such types of digesters have no services for slurry mixing and to remove non-digestible 

materials such as sand, stones, and other materials, which reduce their efficiency [21]. Floating-

drum digesters are used mainly by small to middle-sized farms, institutions and larger agro-

industrial estates. 

Flexible plastic balloon digesters are commonly prepared from a plastic bag that consists of a 

rubber bag (balloon), combining a gas collector with a digester. The gas is collected and 

removed in the top part of the bag/balloon. The inlet and outlet pipes of the flexible balloon 
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digesters are connected to the skin of the balloon to add feedstock and remove slurry, 

respectively and also to increase the pressure of the gas, weights can be placed on top of the 

balloon [156]. However, if the maximum pressure of the gas is greater than a limit that the 

balloon can tolerate, the balloon may damage or required safety valves. Mostly, the suitable 

lifespan of the flexible balloon digesters does not exceed two to five years [155]. 

Even though the fixed dome digesters are less expensive than the floating drum digesters, some 

studies argue that the flexible balloon models are cheaper and may afford a relatively less 

expensive option and should be promoted as a substitute for fixed-dome digesters [10,79,153]. 

The flexible balloon digesters installations are relatively cheap and easy to install but are liable 

to damage. The installation method of such types of digesters requires limited skills and 

training and is simple to install within a few days. Plastic bladder digesters do not provide much 

insulation, so they are most appropriate in areas where the weather is warm all year [157]. 

Difficulties with this model consist of the possible destruction of the balloon by UV sunlight 

and sharp objects, gas pressure maintenance and also poor sanitation during manual handling 

of manure [79,153].  

2.9.2 Agricultural biogas digesters 

Agriculture includes the most important portion of the nationwide economic system in most 

developing nations. Small scale biogas technologies in developing nations have been 

developed as a way of providing clean and safe energy, and of enhancing farming production 

and waste management. The agricultural anaerobic digesters are assumed those digesters which 

are treating waste generated from the farming source. The model and technology of biogas 

digesters vary from country to country depending on energy accessibility and affordability, 

environmental situation and nationwide structures. According to their size, purpose and site, 

agricultural anaerobic digestion digesters can be categorized as household-scale anaerobic 

digesters, farm-scale anaerobic digesters and centralized/ joint co-digestion digesters [11]. 

Household-scale anaerobic digesters are digesters utilizing a feedstock derived from household 

and/or their small farming activity for the household cooking and lighting activities. For 

household-scale anaerobic digesters, simplicity and robustness are the most important factors 

[73]. This type of anaerobic digester plant is widely used in rural areas of LMICs, particularly 

India and China where  4.75 million and 43 million, respectively, installations are estimated in 

2014 [154,158,159]. The digesters are usually operated in a semi-continuous mode [11]. Such 

digesters can be constructed with locally available materials and are inexpensive and easy to 

manage and maintain [11]. For a family of a smallholder farm who usually has only two or 

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



33 | P a g e  

 

three cows, a smaller household design type digester with a capacity of 4 m3 to 12 m3 might be 

more affordable [160–163]. Whereas for a family with more than 30 cattle the communal 

design type with a large scale digester is affordable [163]. Farmers with higher income from 

the larger farming enterprise can more readily afford the cost of a larger digester; however, the 

smaller digester will still be more affordable (cheaper) than the larger one. For smallholder 

farmers, the household-scale type digester is more valuable to generate many benefits such as 

biogas and organic fertilizers with lower investment and maintenance costs [161,163,164]. 

Using such small size digesters in smallholder farms might be highly attractive without the key 

issue of storage and transport of the substrate used for the digestion process.  

Farm-scale anaerobic digesters are digesters connected to a single farm and processing the 

wastes generated on that farm but could belong to several farms and digest all feedstock from 

these farms. Several anaerobic digesters at farm scale co-digest small quantities of feedstock, 

intending to enhance the biogas yield. It is also practical that a farm-scale biogas digester 

obtains and digests animal manures, food processing wastes and agro-residues from nearby 

farms [11,165]. There are several types and concepts of farm-scale anaerobic digesters around 

the world. This technology is well developed in most European countries such as  Germany, 

Denmark and Austria [11]. Currently, on-farm AD has the potential to create energy security 

for farms, changes crop wastes into valuable resources, makes superior quality fertilizer, 

diversify farm income and enhance rural investment and employment opportunities as well as 

decrease odours, thus assisting good neighbour and community relations [165]. The farm-scale 

biogas digesters have a range of sizes, models and technologies with varied feeding systems. 

A few are extremely small and technologically easy, whereas others are relatively large and 

not easy, similar to centralized anaerobic digesters.  

A centralized/community digester is an idea based on processing various wastes from various 

farms. Such digesters are commonly placed in a central area where the substrate is available 

within a certain distance [11]. The feeding system of the digester is continuous, and the 

feedstock mixture is pumped in and out of the digesters in equal quantities through precise 

pump sequences [11]. A centralized AD plant would benefit farming households that cannot 

independently construct and operate the digester on their own due to the lack of feedstock 

required or the capital expense. Farming households located close to each other could share the 

cost of the centrally located digester. This type of digester would have the same advantages as 

farm-scale digesters of renewable energy production, a stabilized organic fertilizer and 

reduction of odour and pathogens.  
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The attention on the level of anaerobic digesters varies among developing and developed 

nations. Developed nations emphasise mainly installations of large-scale digesters for bio-

methane and CHP generation, whereas the foremost focus of developing nations is on small 

scale biogas digesters that mainly generate heat for cooking. In order to improve the biogas 

generation and the organic fertilizer quality, digesters should be designed according to local 

conditions and substrate characteristics. In rural areas of LMICs, the most important factors for 

the selection of small-scale anaerobic digester programs’ planning and design are 

socioeconomic aspects (digester investment costs, beneficiaries’ ability to pay); proper digester 

operation (substrate and water availability) and digester reliability and durability (ease of 

digester construction, operation and maintenance, lifespan) [33]. 

 Mathematical modelling for anaerobic digestion processes  

Mathematical modelling approaches enable the representation of the main aspects of a 

biological system. Mathematical models enhance the understanding of the system, the 

formulation and validation of hypotheses, the prediction of the system’s behaviour under 

different conditions and consequently reduce the experimental information requirements, costs, 

time and risk [166]. However, it is important to question the predictive quality of the resulting 

model and to evaluate the model accuracy. Checking the model’s adequacy is necessary to 

check whether the model is able to reproduce the experimental data that has been utilized for 

parameter identification. This could be done through model validation procedures (direct 

validation and cross-validation) [166] and will determine the confidence behind the model, and 

tell the modeller if he needs to revise the model’s identification.  

The use of mathematical modelling can be effectively used to understand more fundamental 

mechanisms of the AD process itself and process dynamics and avoid discrepancies in 

experimental conditions used in an individual research study. It can also save time and money 

from time-consuming and costly experimental tests. To determine the ultimate biogas potential 

for numerous solid substrates a large amount of studies dealing with anaerobic biodegradability 

tests for substrates of different source/origin has been published in the last three decades. 

However, comparison of biodegradability data in the literature is very difficult despite a mass 

of data having been produced [167]. This is not only because of the variability of equipment 

used but also to the different environmental conditions and protocols that are applied. These 

include aspects related to the substrate, inoculum, medium, mixing, experimental setup and data 

collection and interpretation [167]. Furthermore, for heterogeneous solid substrates, the 

determination of COD is difficult and open to some uncertainty [168,169]. Another vital 

characteristic is the content of cellulose, hemicellulose and lignin, which, in particular for 
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agricultural residue, should always be considered in the characterisation mainly due to the 

undigestability of lignin which is not contributing to the biogas potential of the substrate [169]. 

The size of the substrate particles can be also another important parameter in the rate of biogas 

generation rather than for the ultimate biogas generation from a given substrate. Thus, the 

particle size of the substrate is considered to be fundamental particularly for kinetic studies 

[170]. For these reasons, the anaerobic co-digestion process operation is inherently more 

complex than mono-digestion despite its advantages [171]. It comprises a series of interrelated 

reactions, and experimental assessment of the impacts of all involved variables on the process 

efficiency is time-consuming and hardly possible [172,173]. Inappropriate selection of co-

substrates, co-substrate composition and operating conditions can lead to process instability and 

significant reduction of methane generation during co-digestion system [171]. Therefore, to 

predict the behaviour of an anaerobic system, identify suitable substrate combinations, optimize 

the production and prevent process failure as well as account uncertainty, a comprehensive 

mathematical model approach is definitely useful and needed [172]. 

Numerous mathematical models have been developed for AD to predict, monitor and optimize 

the process [166,174]. The models range from simple statistical models to basic kinetic models, 

detailed kinetic models such as ADM1, and even computational fluid dynamics (CFD) [171]. 

Amongst the AD models, The Anaerobic Digestion Model No. 1 (ADM1) developed by the 

International Water Association’s (IWA) Task Group is one of the more complex yet still 

widely used models to simulate AD processes [143,175,176]. 

The International Water Association (IWA) Task Group was formed in 1997 with the task to 

create a generic AD model for mathematical modelling of AD processes. The Task Group aims 

to offer a generic model and common basis in terms of the nomenclature, process mechanisms, 

and model structure for dynamic simulations of various AD processes to improve future AD 

research, process development, operation and optimization. In 2002, the Task Group published 

the model by IWA publishing under Scientific and Technical Report No. 13, as “Anaerobic 

Digestion Model No.1 (ADM1)” [174].  

The anaerobic digestion conversion processes can be generally divided into two main types of 

conversions: biochemical and physico-chemical as presented in Figure 2.1a. The model is 

integrated and accounts for various biochemical process phases (disintegration, hydrolysis, 

acidogenesis, acetogenesis, and methanogenesis) and physicochemical processes 

(dissociation/association of ions and gas-liquid transfer) [174]. The model’s structure is 

presented in Figure 2.1b. 
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Figure 2.1: Anaerobic digestion conversion processes as implemented in the ADM1. 
Biochemical reactions are seen as irreversible processes, whereas physico-chemical reactions 

are seen as reversible. (adapted from [150,174]). Abbreviations: Amino acids (AA), 

monosaccharides (MS), long-chain fatty acids (LCFA), LCFA base equivalent (LCFA-), acetic 

acid (Hac), propionic acid (HPr), butyric acid (Hbu), valeric acid (Hva), acetate (Ac-), 

propionate (Pr-), butyrate (Bu-), valerate (Va-). 

The biochemical conversion processes of the AD process comprise two extracellular steps and 

three intracellular steps. Disintegration and hydrolysis belong to the extracellular steps. The 

disintegration step is mainly non-biological (dead biomass and other particulates) and 

transforms a state variable called composite particulate material (XC) to particulate protein 
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(Xpr), lipids (Xli), carbohydrates (Xch) and inerts (XI). The hydrolysis steps involves enzymatic 

degradation of the non-inert particulate fractions into their corresponding monomers such as 

amino acids (Saa), long-chain fatty acids (LCFA) (Sfa), and monosaccharides (Ssu) [174]. This 

approach has been utilized widely [142,150,177]. The disintegration step is deemed necessary 

by the IWA Task Group, to define composite particulate substrate degradation with lumped 

characteristics, whereas the hydrolysis steps are to describe well-defined, relatively pure 

substrates (such as starch, cellulose and protein feeds). In ADM1, both disintegration and 

hydrolysis steps/processes are described by first-order kinetics [174,178].   

The intracellular step includes acidogenesis, acetogenesis, and methanogenesis. Acidogen 

groups (two separate groups) degrade amino acids and monosaccharides to mixed organic acids 

(C2-C5), carbon dioxide and hydrogen. Subsequently, the organic acids are transformed to 

acetate, carbon dioxide and hydrogen by acetogenic groups that consume LCFA, propionate, 

valerate and butyrate (one group for the two substrates). A hydrogen-utilizing methanogenic 

group utilized the produced hydrogen by these organisms, and the acetate by an acetolastic 

methanogenic group. For all intracellular biochemical reactions, Monod-type kinetics 

substrate-based uptake is utilized as a basis. Biomass death is characterized by first-order 

kinetics, and as composite particulate material, the dead biomass is kept in the system. 

Inhibition functions comprise all groups of pH, H2 for acetogenic groups and free NH3 for 

aceticlastic methanogens [174]. 

Physico-chemical conversions include non-biological processes such as gas-liquid phase and 

liquid-liquid phase reactions (ion dissociation/association often referred to as equilibrium 

processes). To describe physico-chemical processes, acid-base reaction mechanisms are 

included to compute concentrations of free ammonia, hydrogen ions and carbon dioxide, as 

well as non-equilibria liquid-gas transfer [150,174]. 

 The ADM1 is considered a highly sophisticated but structured model compared to other AD 

models. Apart from including four main anaerobic degradation stages, the strength of ADM1 

is in its consideration of 7 separate biomass fractions and their decay and the division into 31 

processes (19 differential equations and 12 algebraic equations), and 33 fractions (24 of them 

are the dynamic state variables), coupled to 105 kinetic and stoichiometric parameters 

[150,174,179]. This high number of kinetic and stoichiometric parameters used in the 

modelling of the anaerobic process make ADM1 a relatively complex model. The model 

implementation is only possible with the development and widespread use of accessible 

computer programs (such as MATLAB/SIMULINK, AQUASIM, etc.) that can integrate all 
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the equations and processes, and perform the numerous simultaneous calculations required to 

predict the outputs of these type of models. 

In the ADM1, the biochemical processes are combined and prepared following the Peterson 

matrix format. The matrix of ADM1 in the Peterson matrix form along with abbreviations, 

variables, and coefficients are presented in Appendix A. In the model, the chemical component 

units are in the chemical oxygen demand (kg COD.m-3) for all organic species and molecular 

hydrogen, and molar concentrations (kmol.m-3) for nitrogenous species and inorganic carbon 

species [150,174].  

As included in the ADM1 matrix, the mass balance within a system boundary is described by 

liquid phase equations for each state component with the assumption of a constant digester 

volume, as shown in eqns. 2.1-2.3 [150]:  

𝐴𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 = 𝐼𝑛𝑝𝑢𝑡 − 𝑂𝑢𝑡𝑝𝑢𝑡 + 𝑅𝑒𝑎𝑐𝑡𝑖𝑜𝑛                                                                        (2.1) 

𝑑𝑆𝑙𝑖𝑞,𝑖

𝑑𝑡
=

𝑞𝑖𝑛

𝑉𝑙𝑖𝑞
𝑆𝑖𝑛,𝑖 −

𝑞𝑜𝑢𝑡

𝑉𝑙𝑖𝑞
𝑆𝑙𝑖𝑞,𝑖 +  𝑟𝑖                                                                                                (2.2)  

𝑟𝑖 =  ∑ ⍴𝑗𝑣𝑖,𝑗

𝑖=1−19

                                                                                                                                (2.3) 

where Si is the component concentration in kgCOD.m-3, q is the flow in m3.d-1, Vliq is the 

digester volume in m3, ri is the reaction term that is the sum of the specific kinetic rates (pj) for 

process j in kgCOD .m-3d-1 multiplied by the vi,j, which are stoichiometric coefficients.  

For example, the rate of reaction for monosaccharides (r1) is equal to hydrolysis of 

carbohydrates plus hydrolysis of lipids minus uptake of sugars and is expressed as shown in 

eqns. 2.4 [150]: 

𝑟1 =  ∑ ⍴𝑗𝑣𝑖,𝑗 =

𝑖=1−19

kℎ𝑦𝑑,𝑐ℎX𝑐ℎ + (1 − f𝑓𝑎) kℎ𝑦𝑑,𝑙𝑖X𝑙𝑖−k𝑚,𝑠𝑢

𝑆𝑠𝑢

k𝑠𝑢 + 𝑆
X I1                          (2.4) 

In the default ADM1 version, inorganic nitrogen (SIN) and inorganic carbon (SIC) are also 

included as state variables to refer to ammonia and carbon dioxide, respectively and serve as 

“sinks” for any excess nitrogen and carbon generated during the biochemical processes in order 

to ensure that the mass balance is closed. 

The specific kinetic rates are used as the basis for all biochemical intracellular reactions (i.e. 

substrate uptake in Monod-type kinetics combination) in the default ADM1, and biomass 

growth is implicit in substrate uptake as shown in eqns. 2.5 [150,174]: 

⍴𝑗 = 𝑘𝑚

𝑆

𝑘𝑆 + 𝑆
X. I1, I2, I3 … In                                                                                                         (2.5) 
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where ⍴j is the uptake rate for substrate in kgCOD_S m-3d-1, S is the concentration of substrate 

in kgCOD_S m–3, km is the maximum specific uptake rate in kgCOD_S kgCOD_X-1d-1, KS is 

the half-saturation coefficient in kgCOD m–3, and X is the substrate-specific biomass 

concentration in kgCOD_X m–3, and I1, I2...In are incorporated as modifiers to define inhibition 

by several factors including acetogenic groups (hydrogen inhibition), aceticlastic methanogens 

(free ammonia inhibition) and all pH on all groups. 

In the default ADM1, three main gas components such as methane, carbon dioxide and 

hydrogen gases are considered as state variables. For the gas phase components, the mass 

balance equation takes into consideration: the gas outflow from the reactor: the gas phase rate 

equations with a constant gas volume can be written as shown in eqns. 2.6 [174,178]:  

𝑑𝑆𝑔𝑎𝑠,𝑖

𝑑𝑡
= −

𝑆𝑔𝑎𝑠,𝑖𝑞𝑔𝑎𝑠

𝑉𝑔𝑎𝑠
+ ⍴𝑇,𝑖

𝑉𝑙𝑖𝑞

𝑉𝑔𝑎𝑠
                                                                                                 (2.6)   

where: Sgas,i is the concentration of gas i in kmole .m-3, qgas is the gas flow in m3.d-1, and Vliq 

and Vgas are the digester and the headspace volumes in cubic meters, respectively. ρT,i is the 

kinetic transfer rate of gas i in kmole m-3d-1. 

The second factor taken into account by the mass balance equation for liquid-gas transfer: the 

transfer of gases from the liquid phase to the headspace (gas phase). To describe the liquid-gas 

transfer rate, a dynamic gas equation should be applied. The rate equation can be used as shown 

in eqns. 2.7 [174]:  

⍴𝑇,𝑖 = 𝑘𝐿𝑎(𝑆𝑙𝑖𝑞,𝑖 − 𝐾𝐻,𝑖𝑝𝑔𝑎𝑠,𝑖)                                                                                                         (2.7) 

where: ⍴𝑇,𝑖 is the transfer rate of gas i, kLa is the dynamic gas-liquid mass transfer coefficient 

multiplied by the specific transfer area per day, Sliq,i is the concentration of the liquid gas i in 

kmole m-3, KH,i is Henry’s law equilibrium constant in kmole m-3.bar-1 and pgas,i is the i gas-

phase partial pressure in bar. 

In ADM1, all gases are considered ideal gases and their partial pressure is determined per ideal 

gas law, as shown in eqns. 2.8-2.10 [174]:   

𝑝𝑔𝑎𝑠,𝐶𝐻4 = −𝑆𝑔𝑎𝑠,𝐶𝐻4𝑅𝑇/64                                                                                                             (2.8) 

𝑝𝑔𝑎𝑠,𝐶𝑂2 = −𝑆𝑔𝑎𝑠,𝐶𝑂2𝑅𝑇                                                                                                                     (2.9) 

𝑝𝑔𝑎𝑠,𝐻2 = −𝑆𝑔𝑎𝑠,𝐻2𝑅𝑇/16                                                                                                             (2.10)  

The denominators for gases represent the COD equivalents for unit conversion purpose. 
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Water vapour contributes to the total headspace pressure (Pgas) in addition to the three gases. 

This is due to that the digester headspace is assumed to be saturated with water vapour. As 

water vapour pressure is highly temperature-dependent, eqns. 2.11 can be used to correct the 

water vapour pressure reference to the actual temperature (T) at 298 K: 

𝑞𝑔𝑎𝑠,𝐻2𝑂 = 0.0313 exp (5290(
1

298
−

1

𝑇
))                                                                                  (2.11) 

Thus, the gas flow or the total gas transfer is corrected for water vapour, as shown in eqns. 2.12: 

𝑞𝑔𝑎𝑠 = −
𝑅𝑇

𝑃𝑔𝑎𝑠−𝑝𝑔𝑎𝑠,𝐻2𝑂
𝑉𝑙𝑖𝑞 (

𝑝𝑇,𝐻2

16
+

𝑝𝑇,𝐶𝐻4

64
+ 𝑝𝑇,𝐶𝑂2)                                                         (2.12)  

where: qgas is the total volumetric flow gas leaving the reactor 

The total pressure for headspace is equivalent to the atmospheric pressure under constant 

headspace pressure (i.e. Pgas = 1.013 bar =Patm).  

The gas flow pressure can be calculated from partial pressure by control loop in pressure if the 

headspace is variable and can be calculated as shown in eqns. 2.13 and 14: 

𝑃𝑔𝑎𝑠 = 𝑝𝑔𝑎𝑠,𝐻2𝑂 + 𝑝𝑔𝑎𝑠,𝐶𝐻4 + 𝑝𝑔𝑎𝑠,𝐶𝑂2 + 𝑝𝑔𝑎𝑠,𝐻2                                                                      (2.13) 

𝑞𝑔𝑎𝑠 = 𝑘𝑝(𝑃𝑔𝑎𝑠 − 𝑃𝑎𝑡𝑚)
 
                                                                                                                 (2.14) 

where: kp is the pipe resistant coefficient in m3.d-1bar-1, Patm is the atmospheric (external) 

pressure. 

In the ADM1, a charge balance is also set up to maintain (i.e., the sum of anionic charges equals 

the sum of cationic charges to show ionic neutrality) during each simulation time and used to 

determine the pH value via SH+. This can be expressed as shown in eqns. 2.15 [178]: 

𝑆𝑁𝐻4++𝑆𝐻+ + 𝑆𝐶𝑎𝑡+ =
𝑆𝐴𝐶−

64
+

𝑆𝑃𝑟−

112
+

𝑆𝐵𝑢−

160
+

𝑆𝑉𝑎−

208
+ 𝑆𝐻𝐶𝑂3− + 𝑆𝑂𝐻− + 𝑆𝐴𝑛−               (2.15)  

On the left-hand side of the equation, the cations group are shown that includes ammonium 

ion, hydrogen ion and a cation component (Scat+) that lumps metallic cations that do not take 

part in the reaction (e.g., potassium and sodium). Similarly, on the right side of the equation, 

the anions group includes organic acids, bicarbonate ions, hydroxide ions and an anionic 

component, which lumps inert metallic anions (e.g., chloride and sulphate). For the organic 

acids, the denominators represent the gCOD content per charge. 

Acid-base equilibria equations are used to formulate and to calculate the ionic forms for organic 

acids, inorganic nitrogen, hydroxide, and CO2,aq/HCO3- pair,  as shown in eqns. 2.16-2.19 

[174]: 
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𝑆𝑉𝐹𝐴− =
𝐾𝑎,𝑉𝐹𝐴𝑆𝑉𝐹𝐴,𝑡𝑜𝑡𝑎𝑙

𝐾𝑎,𝑉𝐹𝐴 + 𝑆𝐻+
                                                                                                                (2.16) 

𝑆𝑁𝐻4+ =
𝑆𝐻+𝑆𝐼𝑁

𝐾𝑎,𝑁𝐻4 + 𝑆𝐻+
                                                                                                                    (2.17) 

𝑆𝑂𝐻− =
𝐾𝑤

𝑆𝐻+
                                                                                                                                       (2.18) 

𝑆𝐻𝐶𝑂3− =
𝐾𝑎,𝐶𝑂2𝑆𝐼𝐶

𝐾𝑎,𝐶𝑂2 + 𝑆𝐻+
                                                                                                                   (2.19) 

ADM1 has been applied widely in AD process optimization and for modelling the AD of 

different substrates over the years [176,180–183]. The increase in the use of ADM1 

demonstrates the applicability of the model in the simulation and improvement of biogas 

generation processes. It allows one to take into consideration numerous reactions and a wide 

range of substrate composition. However, the model’s main drawback is that it is widely 

criticised as its effective implementation requires the determination of several model 

parameters as well as to define a large number of influent state variables [166,181,184]. The 

ADM1 structure required a well-defined feedstock characterization description which the 

experimental data obtainable in reality lack. To characterise the influent substrate 

experimentally in the term of input state variables it is acknowledged to be technically difficult, 

and costly to quantify different species of biomass within a consortium. The impracticality to 

conduct such a detailed characterization on a frequent basis have been pointed out by several 

authors [166,185]. Further investigations that address the difficulties associated with ADM1 

implementation, particularly parameterization is still needed to improve the utility of the model 

at different conditions and make ADM1 more applicable to the broad range of substrates. 

 Techno-economic assessment of AD in the water-energy-food nexus 

A techno-economic assessment (TEA) tool/model can be very helpful to effectively evaluate 

the feasibility of an AD technology for farmers in the context of the water, energy and food 

(WEF) nexus. The TEA method can also be of high added value in the development of AD 

technology in improving agricultural productivity. The nexus is an attractive way of framing 

the challenges related to meeting increasing demands for WEF. Understanding and managing 

the complex connection among energy, food and water systems have become very important 

to the growth of a sustainable and secure future for all countries and areas [186].  

From a nexus perspective, anaerobic digestion utilizing organic waste materials is appropriate 

for resource circularity and offers multiple benefits across WEF domains. The use of AD has 

the potential to avoid the emissions and costs associated with waste disposal (e.g. incineration 

and/or landfill) and thus helps to reduce the waste disposal environmental impact by making 
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use of embedded energy, nutrients and water in waste materials [187]. Biogas produced via AD 

is a promising renewable energy source for diverse direct end-use applications 

(cooking/heating, lighting or even refrigeration), electricity generation as well as a substitute 

for natural gas [71,187]. Digestate derived from AD provides affordable organic fertilizer and 

thereby avoids the costs, resources and emissions associated with synthetic fertilisers 

production and use [188]. Incorporating digestate into soils also benefits soil structure and 

water retention on farmland, thereby reducing the environmental implications of food 

production as drought resistance crops can be improved and contribute positively to water and 

land resource management [188]. Digestate also provides slowly decomposable organic 

materials that stimulate the formation of humus in the soil that increase the soil’s aggregate 

stability and improve its ability to retain nutrients and water [189]. 

Anaerobic digestion implementation has the potential to greatly improve water use efficiency 

by providing a source of organic matter to the soil with digestate. However, water is also 

required for AD operation to attain the optimum solids content for suitable AD, so pressures 

on water use could instead be exacerbated by the introduction of AD and might compete with 

other water requirements within the smallholder system [29,190]. Orskov et al. [191] 

recommend that a typical household with four-person would need 88 to 100 dm3 per day to run 

an anaerobic digester, corresponding to approximately 65 to 70% extra household water use. 

Based on the average time spent collecting water (134 min each day), this is equivalent to an 

extra 5 hr labour each day per household [191]. Small-scale anaerobic digesters should only be 

installed if integrated with water harvesting systems in water-limited areas to run the digester 

efficiently [68], as domestic water recycling could only meet a proportion of the additional 

water required for AD. Therefore, the water requirement for AD is a vital factor in determining 

the feasibility of this method of organic waste treatment in the nexus context. 

Small-scale ADs are characterized by high initial investment costs (cost of digester & its 

installation) and some operation and maintenance costs [68,192]. Implementation costs appear 

to remain financially prohibitive as many rural households and smallholder farmers cannot 

afford to pay the high initial investment costs of installing and maintaining AD plants [34]. The 

scale and complexity of AD investments mean that using a TEA tool can help ensure that the 

entire investment scope is considered and the necessary assessments are made correctly [193]. 

A TEA has the potential to be an integral tool to support decision-makers in directing research 

and development.  

However, the quantity of literature that can be found on the comprehensive economic 

assessment and success of AD technology for the production of biogas and biofertilizer is rather 
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limited in the smallholder agricultural system context, particularly in Africa. Furthermore, most 

tools cannot be modified to the particular conditions and economic characteristics of the 

respective project locations in addressing all three resources of the WEF system together [194]. 

A tailor-made TEA tool that incorporates uncertainty and conducting stochastic TEAs while 

also expressing indirect benefits in monetary terms, can be useful to evaluate the feasibility of 

AD technology for smallholder farmers. Effective evaluation of the possible economic 

feasibility of AD implementation and that considers additional indicators within the WEF 

nexus, other than the traditional techno-economic ones, by assigning economic values to these 

indicators is a key.  

Emphasising the multiple benefits of AD technology (Figure 2.2) could have a significant 

impact on the uptake and promotion of this technology [39]. As discussed above, AD 

technology is at the centre of the WEF nexus in smallholder farming system context to provide 

clean and renewable energy for households (cooking, heating and lighting), nutrients and water 

for food production (to grow food gardens, fodder for animals or feed fish for aquaculture, 

etc.), while also requiring water for operation [39,68,195]. These resources are highly 

interlinked and an enormously broad topic. Indeed, this study could emphasise highlighting the 

AD interactions within the nexus, to identify possible benefits at the smallholder farming 

household level. Therefore, this project seeks to fill the low implementation gap of AD 

technology (in smallholders) by considering AD not as only an energy technology but as a 

technology that addresses challenges across multiple resource domains. 

 

Figure 2.2: Schematic illustration of AD system in a simplified water-energy-food nexus at 

smallholder farming household scale. 
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In a cost-benefit analysis of TEA, the combination of financial and economic assessment 

represents a vital advantage for a reasonable resource allocation. The former includes only 

direct financial costs and benefits (out-of-pocket costs or savings), while the latter assesses all 

economic impacts of a project, wider social (economic) benefits that do not add directly or 

exclusively to the concerned household and that are more difficult to quantify [196]. The 

distinction between private (household level) and public (societal level) benefits and costs is 

important for the decision-making process. From a household viewpoint, net private benefit or 

cost is likely to hold more weight than public (mainly economic) benefits and costs [197]. 

Besides this, the financial perspective of private benefits/costs is likely to be more conclusive 

for decision-makers of households. Financial benefits and costs are those goods and factors of 

production that may be traded in the marketplace [198]. However, a household is probable to 

make their decision not only on expressed monetary value but also on the direct financial impact 

that a project may have on their expendable income [197]. Economic benefits and costs 

comprise financial benefits and costs as well as those which relate more to societal values and 

values which cannot be bought and sold in the marketplace [198]. Even if economic benefits 

and costs are arguably as crucial, they are usually values that impact society as a whole and 

thus should be considered by the government, whose purpose it is to maximise societal welfare 

[199]. In this regard, the feasibility indicators used for comparing benefits and costs can be 

distinguished into the financial and economic indicators in a cost-benefit analysis. For example, 

the internal rate of return (IRR) was expressed both as a financial internal rate of return (FRR) 

and an economic internal rate of return (ERR), with the former comprising only financial 

benefits and costs and the latter assessing all economic impacts of a project [200]. 

 Summary 

This chapter has discussed the overview of AD technology development and technical 

background. It highlighted the current status and prospects of small-scale AD system 

development. The technology has the potential to contribute to all the three pillars of 

sustainability: social, economic and environmental [17,28]. The economic potential of AD as a 

sustainable agricultural practice includes the potential to supply energy/heat demands, produce 

organic fertiliser, and save waste disposal costs. From the environmental aspects, the potential 

of AD includes climate change mitigation (reduction in GHG emissions), reduce landfill usage, 

provide clean energy, increase energy security, soil health and increased food production, and 

lower agricultural carbon footprint. Social aspects include investment, job creation, skills 

transfer and education opportunities, deliver health benefits and improve living standards in 

rural areas [17,28,68,190]. In addition, this technology represents one of a number of small-
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scale technologies that could offer the technical possibility of decentralized approaches to 

development in LMICs. However, in rural areas of developing African countries, the 

technology suffers shortcomings such as incomplete bioconversion, low CH4 yields, process 

instability and economic non-viability [21]. Due to these reasons, most family-sized AD plants 

installed in Africa have experienced several hindrances in uptake and dissemination, as a large 

proportion of the installed plants were not used or only used to an insufficient extent. This 

chapter also presented a number of operating parameters that influence the AD process and 

subsequently, feedstock for AD and co-digestion technology. In order to improve biogas 

generation; it is found that the process is required to maintain the appropriate conditions of 

several operating factors that support the optimal growth rate of anaerobic bacteria. In addition, 

the chapter presented AD as the ideal technology in generating clean renewable energy, 

supplying nutrient-rich stabilized organic fertilizer, and organic waste management (improving 

sanitation and reducing GHG emissions). It then discussed the different classifications of 

anaerobic digesters, as well as types of small-scale anaerobic digesters used in developing 

African countries. The different categories of agricultural anaerobic digesters scale, as well as 

techno-economic analysis of AD in WEF nexus, have been discussed as well.  

In conclusion, the reviewed literature reveals that there are gaps in the literature regarding very 

limited research on the use and implementation of anaerobic digestion technology, particularly 

in smallholder farming system studies in the field. The identified literature gaps are lack of data 

on feedstock availability, appropriate technology selection methods (according to the local 

conditions, users’ needs, feedstock availability, etc.) and little available information on process 

performance, digestate processing and utilization as well as the financial feasibility of small-

scale AD plants at smallholder scale in the field in LMICs. This study will address the gaps in 

the literature by determining feedstock availability data from different communities, set forth 

a structured technology selection method, address technical issues and compile an analysis tool 

for techno-economic feasibility assessment. Therefore, this project aims to contribute to the 

utilization of small-scale AD in smallholder farming systems in Africa, through proper analysis 

(feedstock estimation, develop technology selection method, establish a co-digestion strategy 

and develop an analysis tool for TEA) which leads to an understanding of the techno-economic 

feasibility of the technology in the context of WEF nexus.  
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Chapter 3 

3. Approach and methodology 

This chapter of the dissertation summarizes the overview of the research structure 

and approach followed during the study as well as the original contribution 

summary. A more detailed methodology of all the studied research objectives is 

presented in the appropriate chapters and thesis sections. 

 Preliminary analysis 

The approach that was followed in developing this thesis involved an initial step of community-

level smallholder data gathering (existing survey data set collected by partners from South 

Africa and Madagascar) and a technology review to extract data. As described in Chapter 1, 

the countries were selected as the work is part of the project EcoAfrica based in Madagascar 

in collaboration with Stellenbosch University, South Africa. The data were utilized as a basis 

for organizing a database, which served as a data pool during the resource assessment analysis 

work and was utilized for the development of AD analysis models. 

From the literature review, the study objectives and the research questions developed were 

specified in Chapter 1 sections 1.2 and 1.3, the methodology followed to fulfil these objectives 

and answer the research questions are discussed in this chapter (Chapter 3). This chapter 

summarizes the literature gap for each of the objectives (beginning of each subsection) and 

describes the implemented research approaches and methodology in terms of the technical 

tasks related to the analysis and model development, as well as the original contribution 

overview in the following section. 

 Dissertation outlook and original contribution summary 

Renewable energy technologies, specifically anaerobic digestion, provide developing countries 

with some use of energy supply at local and national levels, with potential social, economic, 

ecological, and energy security benefits. Bioenergy including biogas is a component for future 

energy demand diversification. This thesis aims to contribute to the successful utilisation of 

biogas and digestate in Africa specifically in the smallholder farming context, through proper 

analysis leading to an understanding of agricultural residue biomass feedstock resource 

availability, appropriate available technologies, technical performances and the development 

of techno-economic assessment tool for the AD feasibility study.  
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A unique attempt is described aimed at developing a robust and adaptable techno-economic 

analysis tool for the implementation of AD for biogas and digestate production and use in 

smallholder farming systems in Africa, explicitly centred in the water, energy and food 

framework. This thesis outcome is expected to aid and enable meaningful implementation of 

the AD technology in Sub-Saharan African countries. Many farmers will benefit from using 

this source of clean energy and affordable organic fertilizer with other additional economic co-

benefits from the use of AD as well as to remain economically viable. To satisfying the aims 

of this study outlined above, the approach is shown in the dissertation outline diagrammatically 

illustrated in Figure 3.1.  

 

Figure 3.1: Dissertation outlook diagrammatic illustration. Where SA is South Africa and MG 

is Madagascar.  

3.2.1 Objective 1: Estimation of agricultural residue biomass feedstock for AD   

The reviewed literature reveals that there is a gap in the literature regarding very limited 

research and a lack of data on the availability and recoverability of biomass feedstock resources 

and their potential, particularly in smallholder farming systems. In the local context of any 

bioenergy project, key issues that need to be addressed are the problems of resource availability 

and competing uses, as discussed in section 2.3. The competition of biomass energy systems is 

a major concern in poor rural areas with the current use of biomass resources (including 

agricultural residues) in applications such as animal bedding and feed, soil fertilisation and 

maintenance, as well as construction materials. As alternatives might not exist these may be of 
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higher priority to rural communities, and therefore resource assessment needs to be carried out 

before commencing action on bioenergy systems using existing resources. A good 

understanding of resource availability is also important in the growth of the local bioenergy 

sector and provides a basis from which first-level feasibility studies can be carried out. 

Chapters 4 and 5 are aimed at quantifying the availability and potential of agricultural residue 

biomass feedstock for AD application in smallholder farming systems in South Africa and 

Madagascar respectively. The methodology that was followed for estimating biomass in this 

study involved an initial step of community-level smallholder data gathering from the two 

respective selected African countries to extract information. These data were used as a basis 

for the estimation of the availability and potential of biomass feedstock resources considering 

its competing uses in smallholder farming systems of the selected countries. The estimations 

were conducted based on detailed computations using a combination of farming household 

surveys, publicly available data and literature models in a four main-step approach. First, the 

gross generation of agricultural residues (crop residue and animal manure) potentials were 

derived from the database on agricultural production through applying ad hoc product -to- 

residue ratio (PRR) functions of crop harvest. Second, the amounts of biomass feedstock 

serving agricultural uses and environmental purposes (non-recoverable) were deducted from 

the gross agricultural feedstock potential, giving the amount of feedstock that is recoverable 

for the AD process. Third, the biomethane and the corresponding energy potential of the 

recoverable biomass resources were estimated. Fourth, the biofertilizer (digestate) potential 

and its equivalent conventional fertilizer potential were estimated. Both the biomethane energy 

and biofertilizer potentials of the available biomass resources were interpreted in the 

smallholder farming household context of the respective countries. The top available potential 

agricultural residue biomass feedstock in each country was considered in Chapter 7 for the 

prediction of biogas production potential and co-digestion strategy. 

 Novel contribution summary of Chapters 4 and 5: The first report on the biomass resources 

availability in the South African and Madagascan smallholder farming systems using existing 

agricultural households survey data. First study considered estimation of both bioenergy 

(biogas) and biofertilizer (digestate) potential from the available and recoverable agricultural 

residue biomass resources in a smallholder farming context.  These chapters address the gap in 

the literature regarding the availability and recoverability of biomass feedstock resources and 

their potential by improving our understanding of the available biomass resource in smallholder 

farming systems, which is a key issue that needs to be addressed in the local context of any 

bioenergy projects. It is expected that this study will greatly contribute to understanding the 
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potential role of bioenergy in the sustainable energy mix as well as resource circularity within 

the context of low-to-medium income countries. 

3.2.2 Objective 2: Anaerobic digester technology assessment based on multiple-criteria 

decision analysis techniques 

Small-scale AD technology uptake in Africa has been slow despite all its potential advantages, 

and this is partially linked to poor technology selection. Literature reveals that there is a gap 

regarding very limited research on appropriate technology selection methods (according to the 

local conditions, users’ needs, feedstock availability, etc.), as presented in sections 2.1 and 2.9. 

Small-scale AD technology projects are often performed in several cases without any 

systematic planning and technology selection without considering the availability of local 

technical knowledge and skills, environmental and socio-economic perspectives. This leads to 

digester abandonment and failure in implementing small-scale AD projects in remote rural 

areas of LMICs.  

Chapter 6 is aimed at developing a multi-criteria technology selection model for the assessment 

of small-scale anaerobic digester technology. To assess the prospect of different AD 

alternatives, a technology review was conducted by reviewing existing literature models, 

locally available reports, websites, and other publicly available sources concerning small-scale 

AD technologies. These reviews were utilized to compose and select suitable technologies for 

the case study, as it affects the techno-economic overall. The main techno-economic factors 

hindering the uptake of the technology were assessed considering the actual characteristics of 

the local conditions and used as criteria to choose the best technology among all potential AD 

technology alternatives. The Simple Multi-Attribute Rating Technique (SMART) and the 

Analytical Hierarchy Process (AHP) approaches of multiple-criteria decision analysis were 

used as a decision support tool, and the preferred anaerobic digester technology was selected 

from a list of potential small-scale digester technologies used in low to middle-income 

countries. The AHP was applied to make a pairwise comparison among criteria that can be 

used to choose the best technology among all potential alternatives. For this purpose, eight 

techno-economic criteria were evaluated. In this study, the criteria were chosen taking into 

consideration small-scale AD programmes already implemented in rural communities of 

LMICs. Their relevance for the case study and local stakeholders were also taken into account 

when selecting the criteria via literature review and other relevant publicly available documents 

and reports. Moreover, the study conducted a broad sensitivity analysis to take into account the 

different opinions and appropriate interpretation and discussion of the results. SMART was 
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used to score the importance of each digester technology alternative against each criterion. The 

developed multi-criteria technology selection method was demonstrated for the assessment of 

small-scale anaerobic digester technology using the South African smallholder farming 

systems case study. This was followed by the sensitivity analysis to evaluate stability and 

robustness.  

Novel contribution summary of Chapter 6: The chapter’s novelty lies in that it develops a new 

method for dealing with multi-criteria selection, by combining two existing methods. This new 

method is then demonstrated specifically in the context of selecting the most appropriate 

anaerobic digester technology from a pre-selected number of options, given the local context 

for smallholder farming communities in South Africa. The method is also shown to be robust, 

yet easily adaptable should selection criteria change. In doing so, this study introduces a method 

through which a multi-criteria technology selection decision analysis tool can be utilized to 

compare different anaerobic digestion technologies concerning appropriateness to a particular 

local context. From an energy perspective, the study is important as it sets down a structured, 

robust method to help select the most appropriate anaerobic digester technology from a range 

of options. 

3.2.3 Objective 3: Establishing an anaerobic co-digestion strategy for agricultural 

substrates 

Anaerobic digestion is a proven strategy to convert waste biomass to energy, but certain 

substrates have significant drawbacks that prevent effective digestion. Identifying a suitable 

co-digestion strategy for agricultural substrates is one approach to overcome these drawbacks 

and improve biogas production as detailed in the literature review section 2.8. However, 

conducting multiple long-term co-digestion experiments is costly and time-consuming; 

mathematical modelling including ADM1 provides an alternative if the model prediction 

uncertainty can be quantified, as detailed in section 2.10. There is no single source providing a 

comprehensive overview of ADM1 parameter variability, nor to quantify model uncertainty to 

improve the utility of the model at varying conditions and improve the applicability of ADM1 

to a broad range of substrates. 

Chapter 7 investigates the model-based prediction of biogas yield and quality from anaerobic 

co-digestion of agricultural residue biomass resources. Anaerobic Digestion Model No. 1 

(ADM1) was implemented on MATLAB R2019b (The Mathworks, Nattick, MA) to predict 

the biogas production potential from the co-digestion of potential agricultural residue substrates 

under different operation conditions. The research group’s existing code was implemented in 

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



68 | P a g e  

 

MATLAB with minor adjustments (not implemented the core model in MATLAB). The study 

then developed and implemented the probabilistic analysis in MATLAB. A compressive 

literature survey into the parameters used in the ADM1 model was carried out for various 

substrates. The purpose of the survey was to understand the variability of the parameters and 

propagate parameters uncertainty. A broad range of feedstock types was covered during the 

survey to represent the potential uncertainty range of each parameter. Monte Carlo (MC) 

method and Gaussian Mixture Models (GMM) were also employed for the uncertainty analysis.  

Novel contribution summary of Chapter 7: The chapter’s novelty lies in the application of 

Anaerobic Digestion Model No. 1 (ADM1) to generate probability distributions describing 

predicted biogas production and quality from the anaerobic digestion of mixed agricultural 

substrates. An extensive literature study on both substrate characteristics as well as ADM1 

parameters informs the analysis and addresses the frequently reported challenges associated 

with ADM1 parameterization by explicitly modelling uncertainty using a Monte Carlo 

approach. The generated probability distributions were validated by comparing results with 

literature reported values for mono-digestion of individual substrates. The simulation results 

for co-digested substrates can readily be applied in subsequent techno-economic feasibility 

analyses. 

The Chapter establishes a co-digestion strategy for agricultural substrates under different 

operating conditions with the inclusion of ADM1 parameters uncertainty. First ADM1 

probabilistic simulation study utilized broad literature reported ADM1 parameters to 

understand the variability of the model parameters and demonstrating the inclusion of 

uncertainty in parameters and substrate characterisation, which can be used for initial screening 

tests. First study provides a probability distribution of the methane flow under different 

operating conditions for different substrate feeding combination strategies. First study fitted 

the methane production distribution using GMM, which can be used to account for uncertainty 

in techno-economic feasibility assessments. This work provides a foundation for predictive 

modelling of co-digestion processes. It is expected that this study will greatly contribute to 

improve the utility of the model at different conditions and make the model more applicable to 

the broad range of substrates. 

3.2.4 Objective 4: Development of a techno-economic analysis tool for AD in the WEF 

nexus context 

The reviewed literature reveals that there is little available information on the financial and 

economic feasibility of small-scale AD plants at a smallholder scale in the field in LMICs, as 
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described in section 2.11. A systematic economic evaluation that integrates both technical and 

economic performance is key as the feasibility is the main hurdle hampering the development 

of small-scale AD implementation. However, there is a lack of TEA tools on AD, especially in 

a smallholder farming system context in addressing all three resources of the WEF system 

together. Most TEA tools cannot be modified to the particular conditions and economic 

characteristics of the respective project locations.  

Chapter 8 is aimed at developing an analysis tool for dealing with the techno-economic analysis 

(TEA) of AD in the context of the WEF nexus. The data generated from the above-mentioned 

chapters as well as literature models were utilized as the basis for preparing a database. Then 

the database was used for the development of an analysis tool. This tool is then demonstrated 

specifically in the context of assessing the techno-economic performance of the most 

appropriate anaerobic digester technology, given the local context for smallholder farming 

communities in South Africa.  

Noble contribution summary of Chapter 8: The chapter’s novelty lies in that it develops an 

analysis tool for TEA of AD for the production and utilization of biogas and biofertilizer in 

smallholder farming system in the context of WEF nexus, followed by tool demonstration. An 

assessment of key analysis factors (i.e., impacts of AD that considers additional indicators 

within the WEF nexus context, other than the traditional techno-economic ones and assigning 

economic values to these indicators) for smallholder-scale AD implementation taken into 

consideration within a TEA for the co-production of biogas and biofertilizer from agricultural 

substrates. In doing so, this study introduces a method through which the TEA tool can be used 

to compare different anaerobic digestion technologies, scales and scenarios with regard to 

feasibility and sustainability. Furthermore, the study demonstrates the integration of small-scale 

AD implementation with a water harvesting system. The study simulates and demonstrated 

extended financial and economic performance indicators of smallholder-scale AD 

implementation based on methane production sensitivity to account for uncertainty and 

determined associated feasibility risks. The developed tool will help to maximize the potential 

of AD implementation while reducing the risk of failure. For favourable economic and/or 

environmental results, bio-based products could be co-produced in a multi-product AD plant 

and thus can enhance the overall sustainability of the AD process technology. The study is a 

vital contribution to knowledge as it represents a comprehensive study to assess the likely 

impacts of AD installations at smallholder farming household levels from a sustainability 

perspective, which has not often been captured by other methods.  

Finally, Chapter 9 presents the overview of significant findings, conclusions drawn, limitations 

of the study and relevant future research recommendations. 
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Chapter 4 

4. Estimation of biomass feedstock availability for anaerobic digestion in 

smallholder farming systems in South Africa 

This article was published in the Elsevier journal: Biomass and Bioenergy.  

Accepted 27 September 2020  

Reference: A. Tolessa, S. Zantsi, T.M. Louw, J.C. Greyling, N.J. Goosen, Estimation 

of biomass feedstock availability for anaerobic digestion in smallholder farming 

systems in South Africa, Biomass and Bioenergy. 142 (2020) 105798. 

doi:10.1016/j.biombioe.2020.105798.  

This study concerns the estimation of agricultural residue biomass feedstock potential for 

anaerobic digestion application in smallholder farming systems in South Africa using 

a combination of smallholder surveys, publicly available data, and literature models. 

The study considered estimation of both bioenergy (biomethane) and biofertilizer 

(digestate) potential from the available and recoverable agricultural residue biomass 

resources in a smallholder farming context.    
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Abstract  

This paper assesses agricultural residues available for biogas production in smallholder farming 

systems in the KwaZulu-Natal and Limpopo provinces of South Africa, during 2017–2018. 

Biomass estimations were done using a combination of smallholder surveys, publicly available 

data, and literature models, and 11 residue types from 5 crops and manure from 5 types of 

livestock were estimated. During the investigated period, gross biomass generated from crop 

residue was 11 and 13 t per smallholder household, of which 63% and 84% are estimated as 

surplus in KwaZulu-Natal and Limpopo, respectively. The gross biomass generated from 

animal manure was 158 and 84 t per smallholder household in KwaZulu-Natal and Limpopo, 

respectively, of which 48% are estimated as surplus. Estimated biomethane potential from the 

surplus crop residue is approximately 1370 Nm3CH4 per year per smallholder household, 

equivalent to 49.3 GJ of heat energy. For methane, estimated potential from animal manure is 

2105 and 1135 Nm3CH4 per year per smallholder household, equivalent to 76 and 41 GJ of heat 

energy, for KwaZulu-Natal and Limpopo, respectively. The estimated energy potential is higher 

than low-income South African households’ cooking (19.8 GJ y 1) and total (49.3 GJ y 1) energy 

demand, theoretically enabling the complete substitution of current domestic fuels. The total 

estimated digestate from all residues contains approximately 0.7 t nitrogen, equivalent to 1.5 t 

urea fertilizer, per year per smallholder household. The analysis indicates that anaerobic 

digestion based on agricultural residues can make a significant contribution to meeting energy 

and fertilizer needs of smallholder farmers in KwaZulu-Natal and Limpopo. 

Keywords: Anaerobic digestion; Animal manure; Biomass; Biomethane; Energy potential; 

Surplus crop residue. 
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 Introduction  

Biomass is considered a renewable source of energy that can significantly and sustainably 

contribute to fast-growing energy demands [1]. Biomass already provides the majority of 

energy services in rural households, although inefficiently, mainly through the use of charcoal 

and firewood for heating and cooking [2]. It also provides ecosystem services including nutrient 

recycling and soil mulching [3], soil protection against erosion [4] and animal feed and bedding 

[5]. In low-income South African households, approximately 80% of the total energy used for 

cooking, water-heating and space-heating is derived from biomass, specifically from burning 

fuelwood [6,7]. The majority of these low-income households are situated in the rural areas of 

Limpopo, KwaZulu-Natal, Eastern Cape and informal settlements of Gauteng [7]. However, 

these energy sources can create many problems for human health and the environment, and 

also influence the productive capacity of the farming households. Some of the main problems 

include the release of carbon monoxide and particulate emissions at levels detrimental to 

human health, as well as local deforestation, which has a detrimental effect on soil quality and 

increases surface run-off [8].  

In addition to energy, land degradation from the reduction of soil fertility is a serious 

environmental challenge with significant social and economic implications, and it is a key 

obstacle to smallholder farming productivity in Africa [4]. Soil degradation leads to a decrease 

in soil structure and fertility, which induces a substantial reduction in soil productivity in 

farming ecosystems. The problem is often accelerated by man-made activities such as slash-

and-burn agricultural practices whereby farmers opt to convert forest and grasslands into 

farmland  or opt to increase farming on marginal land [4,9]. Such soil degradation comes at a 

substantial social and ecological costs, especially to rural farmers in low-income countries [9]. 

Even though the majority of the globe’s present food requirements are produced by smallholder 

farmers, farming practices in developing countries are characterized by low productivity 

[10,11]. 

Anaerobic digestion (AD) technology might be one of the most suitable ways to provide clean 

energy (biogas) as well as to recycle nutrients within an agro-ecological smallholder production 

system in a sustainable way. In developing countries specifically, AD technology has been 

understood as one of the key sources of clean and renewable energy that can affect change in 

the livelihoods of low-income rural societies [12]. Yet, its implementation and usage seem to 

be lagging in the majority of the developing countries [12], particularly in smallholder farming 

system where it was expected to have an impact. 
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For rural households, small-scale biogas production is one of the most attractive options for 

generating renewable energy, as it is technically well developed and widely used in countries 

such as China and India [13,14]. Implementation of household scale AD has effectively 

improved the livelihoods of rural communities where it has considerably decreased the 

dependence on energy consumption from wood and fossil sources [14]. However, the 

technology is still in the early stages of development and dissemination in Africa [13], and is 

hampered by a lack of information on the availability of biomass in smallholder farming 

systems that could be used as feedstock for AD in Africa. Also, it is not clear to what extent 

other uses would potentially compete for the available of biomass, such as the demand for 

nutrient recycle through composting or direct incorporation as fertilizer, or as use for animal 

feed [4].  

In addition to biogas energy, AD also produces digestate consisting of water, undigested 

organic substances (mostly in the solid fraction) and dissolved organic and inorganic 

compounds that serve as macro- and micro-nutrients for plants [15]. Digestate can be used as 

organic fertilizer to enhance the fertility and quality of soil and improve crop productivity [15–

17], and therefore can improve the overall sustainability of the AD process technology. In 

developing African countries, smallholder farmers represent the majority of the rural 

population and utilization of mineral fertilizers is extremely small; as a result, there is a chance 

for high-quality organic fertilizers to assist growers in enhancing productivity [18].  

To date, there is a poor understanding of the available biomass resources and residues in South 

African smallholder farming systems. Therefore, this study aims to determine whether the 

biomass feedstock in the smallholder farming systems in two specific areas (Kwa-Zulu Natal 

and Limpopo provinces) of South Africa is sufficient to make AD valuable, viable and 

sustainable. The objectives of this study are: i) to quantify the gross potential of agricultural 

biomass resource availability through surveys; ii) to estimate a recoverable portion of gross 

agricultural biomass residue resources that is available for bioenergy production (herein 

referred to as the ‘surplus residue potential’); iii) to estimate the available biomethane and its 

energy potential of the available biomass resources; and iv) to estimate the digestate potential 

of the available biomass resources.  

 Materials and methods 

4.2.1 Sampling and data collection 

Ethical clearance and approval for this study was obtained from the Research Ethics Committee 

(REC) of the Stellenbosch University (ethical clearance number: REC-2017-1856).  The survey 
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was focused on commercially oriented (emerging) smallholder farming households in Kwa-

Zulu Natal province (KZN) and Limpopo province (LP) of South Africa. The provinces were 

selected specifically because they represent about 40% of all smallholder farmers in the country 

[19]. The high-density areas of smallholders in the Harry Gwala, King Cetshwayo, 

Umkhanyakude and Zululand districts were chosen in KwaZulu Natal, while the Vhembe 

district was selected in Limpopo. 

To conduct this study a multi-stage sampling approach combining random and purposive 

sampling was used. In the first stage, provinces and districts were selected purposively at the 

provincial and district level. Following this, smallholder households were selected randomly. 

Key stakeholder interviews were held in the selected districts to find the potential villages with 

high density of smallholders. During the interview extension officers, smallholder farmer’s 

organisation such as African Farmers Association of South Africa, and Non-Governmental 

Organisations serving small-scale farmer were included. Finally, a total of 350 commercial 

oriented smallholder households (include those households that sell at least 20%) were 

surveyed using a semi-structured questionnaire, for further information see [20]. 

4.2.2 Agricultural residue biomass resources availability for AD 

Available agricultural residue biomass was classified as either animal manure or crop residue. 

The energy potential of the available biomass from agricultural production in smallholder 

farming systems was estimated in four stages, as illustrated by the flow diagram presented in 

Figure 4.1. 

4.2.3 Estimation of crop residue biomass availability 

Agricultural crop residues are produced as by-products of crop production system from 

agricultural activities. In general, biomass from agricultural crop residues (henceforth crop 

residues) is classified into two different types: field residues and process residues. The crop 

residues which remain in the fields as a by-product of post-harvesting activities of the crop are 

defined as field residues, whereas those generated during the processing of agricultural crops 

are termed process crop residues [21,22]. Due to practical challenges in collection and the fact 

that all residues cannot be removed without adversely affecting soil fertility, availability of 

field residues for energy uses is commonly low, whereas process residues are available in 

higher quantities and may be used as an energy source [21,23]. In this study, the term crop 

residue was consistently used to represent both filed and process residue in the assessment. 
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Figure 4.1: Flow diagram for determining the energy potential estimation of agricultural 

biomass resources. Where YBMP is specific methane yield, and cTS is total solid concentration. 

The availability of biomass residue potentials can be divided into gross residue potential (which 

takes into consideration the total amount of residue biomass produced) and the surplus residue 

potential (which is the technically recoverable or the residue left after any competing uses such 

as animal forage and bedding, heating and cooking fuel, surface mulching, and organic 

fertilizer) [24].  To estimate the gross and surplus crop residue potential, the equations used by 

[24–27] are adopted and modified. In this study, both the gross and the surplus residue 

potentials are estimated. In this study, the estimated potential should be considered the 

maximum that could be obtained based on current technology as the implementation, economic 

and sustainable biomass potentials, which should be much lower, are not estimated due to the 

limited availability of data. 
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4.2.4 Gross residue biomass potential 

The estimation of gross residue potential of a particular crop depends on the cultivated area, 

yield of the crop and residue to product ratio (RPR). These values, determined at crop level, 

were obtained from literature, as presented in Table 4.1. The gross residue potential is estimated 

using eq. (4.1): 

𝐺𝑅𝑃(𝑗) = ∑ 𝐴(𝑖,𝑗)𝐶𝑌(𝑖,𝑗)𝑅𝑃𝑅(𝑖,𝑗)

𝑛

𝑖=1

                                                                                                   (4.1) 

Where GRP(j) is the gross residue potential produced in the jth province from “n” numbers of 

crops in tonnes (t); A(i,j) is the area under the ith crop in the jth province in hectare (ha); CY(i,j) is 

the average crop yield of the ith crop in the jth province in (t.ha), and RPR(ij) is the residue-to-

product ratio of the ith crop in the jth province. 

Table 4.1: Crop residue type, residue to product ratio (RPR), surplus availability factor (SAF), 

total solid concentration (cTS) and specific methane yield (YBMP). 

Crop Residue 

type  

RPR* 

(g.g-1) 

SAF* 

(g.g-1) 

cTS* 

(gTS.100g-1) 

YBMP† 

(Nm3
CH4.kgTS-1) 

References* 

Maize  Stalks  2.00 0.80 85 0.268 [24–30] 

  Husks 0.20 1.00 89 0.238 [2,26–29] 

  Cobs 0.30 1.00 92  0.348 [2,24–31] 

Cabbage  Foliage 

& stem 

2.50 0.95 15 0.265[32] [33,34] 

Dry beans Straw  2.10  0.80  85 0.225 [33–35] 

  Pods 2.66 0.76 90 0.225 [28,36] 

  leaves 1.45 0.15 60 0.157[35] [28,33,37] 

Pumpkins Residues 2.00 0.50* 18 0.180[35] [34] 

Potato Stem  0.40 0.40 60 0.144 [31,33–35] 

  Leaves 0.76 0.80 60 0.144 [2,27,33] 

  Peelings 0.75 0.80 35 0.373[32] [27,28] 

*Assumed average. †All values based on [2] unless stated otherwise. 

4.2.5 Surplus residue biomass potential 

As explained above, it is accepted that not all agricultural residues will be available for 

bioenergy production due to their variation in nature, technical limitations (techniques of 
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harvesting, processing and transporting), competitive uses (such as soil fertility, animal fodder 

and bedding, domestic heating and cooking), ecosystem purposes (erosion protection), and 

possibility of destruction by wild fires [26,38]. The amount of field-based biomass residues 

that can be realistically collected is estimated using the surplus availability fraction (also called 

recoverability factor) of the crop residue biomass [27,28].  The surplus availability factor (SAF) 

is the fraction of residues that are realistically available for bioenergy generation after part of 

it is used elsewhere [2,27,39]. The values for SAF of residue biomass were derived from similar 

previous studies to calculate the surplus residue potential as given in Table 4.1. The surplus 

residue potential is estimated using eq. (4.2): 

𝑆𝑅𝑃(𝑗) = ∑ 𝐺𝑅𝑃(𝑖,𝑗) 𝑆𝐴𝐹(𝑖,𝑗)

𝑛

𝑖=1

                                                                                                         (4.2) 

Where, SRP(j) is the surplus residue potential in the jth province from “n” number of crops in 

(t); GRP(i,j) is the gross residue potential produced in the jth province from the ith crop in (t); 

and SAF(i,j) is surplus residue availability fraction of ith crop at the jth province.  

4.2.6 Estimation of biomethane and energy potential 

The biomethane potential was calculated from crop residues using eq. (4.3). For crop residues 

the values of the specific methane yield and the average total solids concentration were derived 

from literature as presented in Table 4.1.  

𝐵𝑀𝑃 =  𝑆𝑅𝑃 ∙ 𝑌𝐵𝑀𝑃 ∙ 𝑐𝑇𝑆                                                                                                                  (4.3) 

Where, BMP is the biomethane potential of residue (Nm3
CH4.y-1); cTS is the total solid 

concentration (gTS.100g-1), and YBMP is the specific methane yield from literature (Nm3
 

CH4.kgTS-1). 

Energy potentials of the biomethane recoverable from crop residue have been converted from 

normal cubic meter methane to GJ of heat energy, using the factor 0.036 GJ.m-3 methane [2] 

4.2.7 Seasonal availability of crop residues 

This study estimated the seasonality based on whether irrigated or dry-land production, coupled 

with seasonal climate (i.e., if it is a ‘hot’ winter region, production can happen year-round). 

About 1.3 million ha of land are under irrigation in South Africa, of which 0.1 million ha is 

allocated to smallholder irrigation [40].  Smallholder farmers who produce under irrigation are 

mainly cultivated maize, dry beans, potatoes, cabbages, and other leafy green vegetables in 
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KZN and LP provinces [41,42]. Maize and potatoes dominate in summer, while beans and 

cabbages dominate in winter [42]. This indicates that crop residues considered in this study can 

be available almost all year round for those who have irrigation for example Umkhanyakude, 

Zululand (Usuthu), and Thulamela (Vhembe) districts. However, those in other districts 

depending on rainfall (dryland production) would produce once a year for maize and potentially 

twice per year for vegetables. Residues seasonal availability needs to be seriously considered 

for households in districts depending on a dryland production system. 

In this study, variability in crop residues was only considered over the short term, i.e., within 

seasons and the potential variability resulting from longer term changes in climate was not 

investigated, given the nature of data captured. Furthermore, other factors that could influence 

available crop residues, e.g., changes in crop cultivars or animal breed types, were not 

considered. 

4.2.8 Estimation of animal manure availability 

The potential amounts of manure resources produced from animals are estimated using number 

of animals, average manure generation per animal annual and recoverability fraction (RF). In 

this study, the RF values for residues were compiled from similar previous studies and the 

average value for each residue type was used due to lack of data specific to the studied region, 

in order to estimate the recoverable residue potential as presented in Table 4.2.  The amount of 

animal manure resources which can be recovered for energy use is estimated using eq. (4.4) 

[28]. 

𝐴𝑀 =  𝑃𝑙𝑖𝑣𝑒 ∙ 𝑀 ∙ 𝑅𝐹                                                                                                                           (4.4) 

Where AM is the potential of recoverable animal manure for biomethane energy use (kg.y-1), 

Plive is number of animals (heads); M is the estimated amount of manure per head (kg.y-1head-

1), and RF is recoverability fraction (kg.kg-1). 

4.2.9 Estimation of biomethane potential 

The main parameters required to estimate biomethane potential of animal manure include 

estimated manure per head, total solid concentration and methane yield per unit of total solid 

is required. These parameters are obtained from a similar study conducted in Ghana and 

Tanzania [2,43] as presented in Table 4.2 and used to estimate the amount of biomethane that 

can be generated by each animal category. The biomethane potential of animal manure that can 

be produced from recoverable manures is estimated using eq. (4.5): 
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𝐵𝑀𝑃 =  𝐴𝑀 ∙ 𝑐𝑇𝑆 ∙ 𝑌𝐵𝑀𝑃                                                                                                                    (4.5) 

Where BMP is biomethane potential from recoverable manure (Nm3
CH4.y

-1), cTS is total solid 

concentration (gTS.100g-1), and YBMP is biomethane potential from literature (Nm3
 CH4.kgTS-

1). 

Table 4.2: Amount of estimated manure (M), recoverability fraction (RF), total solid 

concentration (cTS) and specific methane yields (YBMP). 

Type of 

livestock 

M†  

(kg.h-1d-1)   

cTS† 

(gTS.100g-1) 

RF*  

(kg.kg-1) 

YBMP* 

(Nm3
CH4.kgTS

-1) 

References*   

Cattle  12 12 0.50 0.207 [23,28,29,32,36,4

4] 

 

Goats  2 25 0.33 0.220 [2,23,28,29,35]  

Sheep 1.2 25 0.33 0.220 [2,23,28,35,44]  

Pigs  3.6 11 0.80 0.247 [27,45]  

Chicken  0.02 25 0.50 0.255 [2,23,45]  

†All values based on [2,43] 

4.2.10 Estimation of energy potential 

To assess the energy potential of animal residues, manure produced by cattle, goats, sheep, 

pigs, and chicken are considered.  

4.2.11 Estimation of digestate potential 

To estimate the total amount of digestate potential the mass of the digestate produced was 

estimated by subtracting the quantity of substrate transformed into biogas from the feedstock 

mass. The specific biogas yield and biogas density was used to calculate the mass of the biogas 

based on the composition of biogas (assumed an average of 60% CH4 and 40% CO2), and 

component densities (CH4 0.72 kg.m-3 and CO2 1.96 kg.m-3) [46]. Approximately 20–95% of 

the substrate organic matter (OM) is degraded during AD, depending on substrate composition 

[47]. Digestate is a bio-fertilizer with substantial amounts of nitrogen, phosphorus and 

potassium. The nutrient contents in the digestate were derived by assuming that the digestate 

contains an average value of 5.2% total-N, 4.2% total-P2O5, and 4.3% total-K2O per kg 

digestate on a dry weight basis [15,47,48]. 
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 Results and discussions 

The data for the assessment of agricultural production (including crop and livestock) and 

residue potential was derived from the survey data. In this study, the agricultural residue 

biomass resources availability analysis was conducted based on the number of smallholder 

farming households who practice crop production, which was approximately 68% in LP and 

60% in KZN, and the number of smallholder farming households who own livestock was 

approximately 31% and 41% in LP and KZN, respectively, as presented in Figure 4.2.   

 

Figure 4.2: Distribution of smallholder agricultural households by type of activity (percentage). 

The gross biomass potential, surplus biomass potential, available biomethane and energy 

potential and digestate potential of agricultural biomass residues (include animal manure and 

crop residues) were calculated for emerging smallholder farming households in KZN and LP 

provinces in 2017/18 in South Africa. 

4.3.1 Crop residues and energy potential  

The main crops in the emerging smallholder farming system of South Africa are maize, 

cabbage, dry beans, pumpkins and potatoes. Residues produced from these crops relevant to 

biogas are the straw, stalk, husks, cobs, stem, and leaves, as well as pods and peels after 

harvesting and/or processing. The annual gross estimates of the residues in smallholder farming 

system are based on crop production and residue to product ratio. The average crop production 

data and the potential residue produced from these crops in 2017/2018, as well as the 

biomethane and energy potential from the residues per household (HH) of smallholder farmers 

in KZN and LP are presented in Table 4.3 and Table 4.4, respectively. The gross crop residue 
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estimated is approximately 11 and 13 t per year per smallholder household in KZN and LP, 

respectively, from eleven agricultural crop residues produced by five crops. At an individual 

level, the available crop residue is dominated by residues from maize (4.9 t) followed by dry 

beans (2.7 t) and cabbage (1 t) in KZN, while cabbage (6.9 t) followed by maize (5.1 t) and dry 

beans (0.5 t) in LP. Residue from these three crops together constitutes more than 79% and 

95% of the total available residue in KZN and LP, respectively. 

Table 4.3: Residues estimate from agricultural crops and energy potential per smallholder 

household in KZN. 

Crop Residue Pcrop
* 

(t.y-1) 

Gross 

residues 

potential 

 (t.y-1) 

Surplus 

residues 

potential 

  (t.y-1) 

Biomethane 

potential 

(Nm3
CH4.y

-1) 

Energy 

potential  

(GJ.y-1) 

Maize  Stalks  1.96 3.93 3.14 715.47 25.76 

  Husks 1.96 0.39 0.39 83.16 2.99 

  Cobs 1.96 0.59 0.59 188.54 6.79 

Cabbage  Foliage 

& stem 

0.39 0.98 0.93 36.91 1.33 

Dry beans Straw  0.43 0.91 0.73 145.33 5.23 

  Pods 0.43 1.15 0.87 177.05 6.37 

  Leaves 0.43 0.65 0.09 8.85 0.32 

Pumpkins Residues 0.32 0.64 0.32 10.40 0.37 

Potato Stem  0.08 0.03 0.01 1.04 0.04 

  Leaves 0.08 0.82 0.05 3.94 0.14 

  Peelings 0.08 0.81 0.05 5.87 0.21 

 Total 8.12 10.89 7.17 1376.58 49.56 

*Pcrop represents crop production. 
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Table 4.4: Residues estimate from agricultural crops and energy potential per smallholder 

household in LP. 

Crop Residue Pcrop
* 

(t.y-1) 

Gross 

residues 

potential 

(t.y-1) 

Surplus 

residues 

potential 

 (t.y-1) 

Biomethane 

potential 

(Nm3
 CH4.y-1) 

Energy potential 

(GJ.y-1) 

Maize Stalks 2.06 4.13 3.30 752.34 27.08 

 Husks 2.06 0.41 0.41 87.45 3.15 

 Cobs 2.06 0.62 0.62 198.26 7.14 

Cabbage Foliage & 

stem 

2.77 6.93 6.58 261.50 9.41 

Dry beans Straw 0.08 0.17 0.14 25.76 0.93 

 Pods 0.08 0.21 0.16 32.83 1.18 

 Leaves 0.08 0.12 0.02 1.64 0.06 

Pumpkins Residues 0.33 0.65 0.33 10.55 0.38 

 Total  13.23 11.55 1370.33 49.33 

*Pcrop represents crop production. 

The surplus residue for energy production is equal to the gross crop residue produced minus 

the amount used for other purposes (un-recovered). The estimates based on survey data show 

that the available amount of residues from crop production for biogas generation is about 7 and 

12 t, on annual basis per smallholder household, i.e, 63% and 84% of gross residues are 

available as surplus in KZN and LP, respectively. At an individual crop level, maize at 4.1 t 

(57.5%) contributed the maximum amount of residue surplus in KZN, while cabbage at 6.6 t 

(57%) contributed the maximum amount of residue surplus in LP (this is because the farmers 

can only grow a single maize crop but multiple cabbage crops). However, in two provinces on 

average maize 4.2 t (45%) contributed the maximum amount of residue surplus in South 

African smallholder farming systems. The potential surplus residue biomass resources can be 

exploited for biogas production.  

The available total biomethane potential from surplus crop residues is estimated to 

approximately 1377 and 1370 Nm3.y-1 of biomethane and this corresponds to 49.6 and 49.3 GJ 

per annum of heat energy per smallholder household in KZN and LP, respectively. This 

indicates that both provinces have an equal total amount of biomethane potential from crop 

residues. The available total biomethane potential from crop residues are mainly from maize 

987 Nm3.y-1 and 1038 Nm3.y-1
 of biomethane, equivalent to 72% and 76% of the total crop 

residue considered in KZN and LP, respectively as shown in Figure 4.3 and Figure 4.4.  
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Figure 4.3: Comparison of the estimated biomethane potential represented by the size of the 

bubble for individual type of crop residue in KZN. 

 

Figure 4.4: Comparison of the estimated biomethane potential represented by the size of the 

bubble for individual type of crop residue in LP. 

4.3.2 Animal manure and energy potential  

In smallholder farming systems of South Africa, the most common livestock are cattle, goats, 

sheep, chicken and pigs in terms of quantity. Among those smallholder farmers owning 
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livestock, the average number chickens owned were (50), followed by cattle (24), goats (23), 

sheep (15), and pigs (2) respectively. The average number of animals per smallholder 

household, the estimated manure production, and the equivalent biomethane and energy 

potentials in KZN and LP are presented in Table 4.5 and Table 4.6, respectively. 

Table 4.5: Animal manure recoverable and the corresponding energy potential per smallholder 

household in KZN. 

Livestock Plive(Head)  Gross manure 

generated 

(t.y-1) 

Manure 

recoverable 

(t.y-1) 

Biomethane 

potential   

 (Nm3
 CH4.y-1) 

Energy 

potential  

(GJ.y-1) 

Cattle  31 135.78 67.89 1686 60.7 

Goats  13 9.49 3.13 172 6.2 

Sheep 23 10.07 3.32 183 6.6 

Pigs  2 2.63 2.10 57 2.1 

Chicken  29 0.21 0.11 7 0.24 

Total   158.18 76.55 2105 75.8 

Table 4.6: Animal manure recoverable and the corresponding energy potential per smallholder 

household in LP. 

Livestock Plive 

(Head)  

Gross manure 

generated 

(t.y-1) 

Manure 

recoverable  

(t.y-1) 

Biomethane 

potential   

 (Nm3
 CH4.y-1) 

Energy 

potential  

(GJ.y-1) 

Cattle  16 70.08 35.04 870 31.3 

Goats  16 11.68 3.85 212 7.6 

Sheep 1 0.44 0.15 8 0.29 

Pigs  1 1.31 1.05 29 1.0 

Chicken  70 0.51 0.26 16 0.59 

Total   84.02 40.35 1135 40.9 

The annual gross animal manure production is estimated to be approximately 158 and 84 t per 

smallholder household in KZN and LP, respectively, from manure generated by the five 

categories listed above. The annual recoverable animal manure estimated is 77 and 40 t per 

smallholder household in KZN and LP, respectively, i.e, 48% of gross residues are available 

as surplus in both provinces. At an individual level, cattle contribute the highest gross amount 

of manure: 136 and 70 t per year per smallholder household in KZN and LP, respectively. The 

majority of smallholders are located in rural areas and livestock are allowed free-range during 
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the day. This is usually for the cattle, goats and sheep. Therefore, it is assumed that for half the 

day, the quantity of animal manure generated from most cattle, goats and sheep is not 

recoverable. Pigs and chicken are usually kept in enclosures and intensive agricultural systems, 

facilitating the recovery of manure.  

Approximately 2105 and 1135 Nm3 of biomethane can be generated from the recoverable 

fraction of livestock manure; this corresponds to a total of 76 and 41 GJ per annum heat energy 

in KZN and LP, respectively. The available total biomethane potential from the recoverable 

animal manure is mainly from cattle: 1686 Nm3 of biomethane (80%) in KZN as shown in 

Figure 4.5 and 870 Nm3 of biomethane (77%) in LP as shown in Figure 4.6. This is due to a 

large amount of cattle manure recoverable per day in smallholder farming systems relatively. 

Most commercially-oriented smallholder farming households who kept cattle as the main form 

of livestock have between 16 to 31 heads as discussed in the previous section, and cattle have 

the highest manure output per day (on average about 12 kg.head-1d-1).  

 

Figure 4.5: Comparison of the estimated biomethane potential represented by the size of the 

bubble for individual type of animal manure in KZN. 
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Figure 4.6: Comparison of the estimated biomethane potential represented by the size of the 

bubble for individual type of animal manure in LP. 

4.3.3 Digestate production potential 

It is estimated that the use of surplus agricultural biomass resources in AD results in the 

production of 8.3 and 5.4 t total amounts of dry digestate per year per smallholder household 

in KZN and LP, respectively, as summarized in Table 4.7 and detailed in the appendix B, Table 

10.7. The N, P and K content in the digestate was estimated to be 0.43, 0.34, 0.35 and 0.36 t of 

total-N, NH4
+, total-P2O5 and total-K2O per year, respectively in KZN. The nutrient contents 

were estimated to be 0.28, 0.22, 0.23 and 0.23 t of total-N, NH4
+, total-P2O5 and total-K2O, 

respectively in LP.  

4.3.4 Discussion  

The estimate of the availability of crop residues and livestock manure for AD purposes is vital 

for the sustainability of biomass supply. The results show a large potential for biogas 

production in smallholder farming systems, which can significantly increase energy access and 

reduce the traditional way of biomass utilization. The gross agricultural residue (crop residues 

and livestock manure) biomass estimated was 169 and 97 t per smallholder household in KZN 

and LP, respectively, of which 84 t (50% of gross) and 52 t (53% of gross) in KZN and LP, 

respectively, are estimated as surplus for biogas production, as summarized in Table 4.7 and 
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Figure 4.7. Approximately 63% and 84% of the gross crop residue are available as surplus in 

KZN and LP respectively, whereas 48% of the gross animal manure production in both 

provinces is available as surplus. This indicates that animal manure has higher competing uses 

than crop residues. Animal manure is commonly used for cooking and applied to the fields. In 

both provinces, animal manure has equal competing uses, whereas crop residue in KZN has 

higher competing uses than in LP.  

Table 4.7: Summary of the estimated amounts of residues and the corresponding biomethane, 

energy and digestate potential per smallholder household in South Africa. 

Residue 

type  

Province  Gross 

residue 

generated 

(t.y-1) 

Residue 

recoverable 

(t.y-1)  

Biomethane 

potential  

(Nm3
 CH4.y-1) 

Total 

amount of 

digestateDM* 

(t.y-1) 

Energy 

potential 

(GJ.y-1) 

Crop  KZN  10.89 7.17 1377 2.5 49.6 

  LP 13.23 11.55 1370 2.3 49.3 

Animal  KZN  158.18 76.55 2105 5.8 75.8 

 LP 84.02 40.35 1135 3.1 40.9 

Total KZN 169.07 83.72 3482 8.3 125.6 

 LP 97.26 51.90 2505 5.4 90.3 

 Average 133.165 67.81 2993.5 13.6 107.95 

*DM= Dry Matter. 

  

Figure 4.7: Comparison of the calculated gross and recoverable agricultural biomass resources 

per smallholder household. 
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The total surplus potential of biomethane from agricultural (both crop residue and manure) 

biomass resources is 3482 and 2505 Nm3 of methane per annum per smallholder household, 

corresponding to 125.6 and 90.3 GJ of heat energy in KZN and LP, respectively. At individual 

type of biomass level, animal manure (75.8 GJ) shows higher energy potential than crop 

residues (49.6 GJ) in KZN, whereas crop residues (49.3 GJ) show higher biomethane potential 

than animal manure (40.9 GJ) in LP, as presented in Figure 4.8. This shows that the average 

biomethane energy potential from available crop residue and animal manure is 49.4 and 58.3 

GJ per year per smallholder household, respectively in South Africa. This indicates that even 

though animal manure has higher competing uses than crop residue the available potential of 

animal manure still provides more energy than crop residues in the smallholder farming 

systems.  

 

Figure 4.8: Calculated average energy potential from agricultural residue and livestock, 

compared to low-income household energy demand of biogas use in South Africa. Reported 

values in GJ.y-1. 

This study revealed that the estimated energy potential per smallholder household is higher 

than the energy demand estimated for low-income South African households as reported in 

previous studies. Msibi and Kornelius [7] reported that the low-income South African 

households energy demand for cooking with biogas is 912.5 Nm3 per year and the total energy 

demand (including cooking, water- and space-heating and lighting) is 2281 Nm3 per year of 

biogas for complete substitution of traditional fuels. This is equivalent to 550 Nm3 per year per 

household of biomethane (19.8 GJ heat energy) for cooking and 1370 Nm3 per year per 
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household of biomethane (49.3 GJ heat energy) for complete replacement of traditional fuels. 

Similarly, Bond and Templeton [49] reported that the biogas generation to provide a five-

member family in developing countries with two cooked meals a day is 1.5–2.4 Nm3 biogas, 

which is equivalent to 330-525 Nm3
 per year biomethane (assuming an average methane 

content of 60%) [7,44]. The analysis indicates that AD based on animal manure and crop 

residues can make a significant contribution to meeting energy needs of smallholder farmers 

in KZN and LP. 

The average nitrogen content of dry digestate is 5.2% (5.2% N, 4.2% P and 4.3% K) as 

discussed in the methodology section. Ammonium (NH4
+) accounts for 80% of the total-

nitrogen after AD. During the AD process, organically bound nitrogen is released as 

ammonium, which is immediately available for plant uptake [15]. The higher the NH4-N 

contents, the higher the efficiency of the digestate as N-fertilizer. However, the increases in 

NH4
+ concentration during AD promote gaseous N losses when digestate is applied to the soil, 

short-term availability of plant N is increased [47]. Therefore, to increase N use efficiency and 

promote digestate with a higher share of NH4
+ on total N, care should be given to vegetation 

periods, season, and application techniques to reduce N losses for instance via mixing the 

digestate immediately with soil. One kilogram of digestate contains 52 g N [48], which 

corresponds to 114 kg urea fertilizer. From 8.3 and 5.4 tonnes total amounts of dry digestate 

produced, N content is 0.43 and 0.28 t per year per smallholder household in KZN and LP, 

respectively; this is equivalent to 0.95 and 0.62 t urea fertilizer. Given an average cost of urea 

fertilizer of R6.0 – R6.4 per kg (according to the survey data), the potential fertilizer savings 

based on nitrogen content is R5700 and R3700 per year in KZN and LP, respectively.  

South African smallholder farmers typically practice mixed livestock and crop farming with 

limited land and resources. These smallholder farming households are mostly situated in 

remote areas lacking basic infrastructure such as electricity. The exploitation of agricultural 

residues to provide clean and renewable energy to these smallholder farmers can improve the 

problems that arise from lack of clean modern energy services. It also improves the productive 

capacity of the farming households. The crop residues are left and/or burn in the fields, whereas 

the animal manure is either used for cooking, applied to crops as manure or left unused.  

Crop residues and animal manure can be a source of biogas if used properly with appropriate 

processing technology. For a family of a smallholder farm with more than 30 cattle (equivalent 

substrate) the communal design type with a large scale digester is more affordable [50], 

whereas for a family of a smallholder farm with two or three cows (equivalent substrate), a 

smaller household design type digester with a capacity of 4 m3 to 12 m3 might be more 
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affordable [50–53]. For a smallholder farmers, the household-scale type digester is more 

valuable to generate multiple benefits such as biogas and bio-fertilizers with lower investment 

and maintenance costs [52,54]. Furthermore, in rural areas where household density is very 

low, household scale type digester might be more attractive since feedstock are available in 

certain distance for a small-scale farm. This is appropriate for the emerging smallholder farms 

without the key issue of storage and transport. This recommendation is done based on feedstock 

availability conducted in this study,  and electricity access and general household density in the 

studied areas according to the general household survey [55], as presented in the appendix B, 

Table 10.8.  

 Conclusion  

In this study, the assessment of agricultural residue biomass has shown that there is a significant 

potential of biomass feedstock for AD application in emerging smallholder farming systems of 

KZN and LP in South Africa. The available biomass feedstock in smallholder farming systems 

includes livestock manure and crop residues with a potentially recoverable quantity of 

approximately 58.5 and 9.4 tonnes per year per smallholder household respectively. Small-

scale decentralized anaerobic digestion technologies could be used close to the feedstock 

source in smallholder farming systems and provide energy off the grid. This can make a 

significant contribution in providing the energy demand in rural areas of the country, where the 

government has been unable to supply energy through the national power grid. Besides, AD 

based on livestock manure and crop residues produces a stabilized organic fertilizer that can 

enhance the fertility and quality of soil and improve crop productivity within an agro-ecological 

smallholder production system. The use of it has the potential to address hygiene and sanitation 

problems. 

This study provides a baseline assessment for agricultural residue biomass resources at the 

smallholder system level; a similar baseline can be established for other provinces in South 

Africa and elsewhere. Such a baseline helps in identifying the untapped potential of agricultural 

biomass resources for bioenergy production. The study may also help decision-makers and 

investors to optimize the utilization of locally availably resources from agricultural residue 

biomass. Finally, this study may recommend further study on-field and process-based residue 

quantity assessment, residue collection efficiency, exact seasonal availability and distribution 

of location, and the social and economic aspects in local context. The appropriate AD 

technology and its costs should be further assessed also in the context of smallholder farming 

systems. 
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The previous study in Chapter 4 was centred on the agricultural residue biomass 

feedstock availability estimation for anaerobic digestion application in the smallholder 

farming systems (particularly emerging or commercial-oriented smallholders) in 

South Africa. While this study emphases on all smallholder farmers (due to the nature 

of survey data captured) in the rural Vakinankaratra region of Madagascar with 

similar objectives. Therefore, this study aims to determine the potential availability of 

agricultural residue biomass feedstock resource for bioenergy in the farming systems 

in rural Vakinankaratra highlands of Madagascar, and whether the resource is 

adequate to make AD viable and sustainable.  
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Abstract 

This study estimates agricultural residue biomass available for biogas generation in small 

farming systems in the rural Vakinankaratra region of Madagascar, during 2017–2018. 

Estimations of biomass were done using a combination of agricultural household surveys, 

literature models, and publicly available data. Manure from four types of farm animals and 17 

residue types from ten crops were assessed. In the studied period, gross biomass produced from 

animal manure and crop residue was 19.4+7.41 and 7.3+1.08 tonnes fresh weight per year per 

agricultural household, respectively, of which up to 54% and 83% are estimated as recoverable 

for the production of bioenergy in the studied area, respectively. Estimations indicate that 

available animal manure and crop residue have the potential to generate 291+92 and 745+122 

Nm3 of methane per year per agricultural household respectively, equivalent to 10.5+3.34 and 

26.8+4.28 GJ of heat energy from manure and residues, respectively. Theoretically, the average 

estimated energy potential can result in the complete substitution of domestic fuels in 

agricultural households. Approximately 0.12 tonnes of nitrogen per household per year can be 

recovered from the estimated digestate (using all residue types) after energy recovery, which 

can be employed for crop fertilization. The recovered nitrogen corresponds to 0.26 tonnes urea 

fertilizer per household per year. The investigation shows that anaerobic digestion based on 

crop residue and manure has the potential to meet a significant portion of energy needs of 
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smallholder farmers in the Vakinankaratra region of Madagascar and can make an important 

contribution to providing fertilizer for on-farm use. 

 

Keywords: animal manure, crop residue, digestate, energy potential, methane, smallholder 

farm 

 Introduction 

Biomass plays a significant role globally as a renewable energy source, providing 

approximately 10% of the world primary energy supply [1]. To meet increasing demands on 

modern energy access, biomass must be utilized more efficiently by, for example, biogas 

production as opposed to combustion of raw biomass [2]. The lack of energy access is one of 

the most serious challenges in Madagascar [3]. Cooking by electricity and gas (including 

biogas) remains luxury energy source for most of the population in the rural area of the country 

[4]. Electricity access remains low at about 15% of the population, and only 4% in rural areas 

have access to electricity as of 2015 [5]. Around 80% of the population works in the agricultural 

sector [3], and the majority of households rely on traditional sources of energy for cooking and 

heating, and kerosene and candles for lighting. Firewood and charcoal have been used by the 

majority of the population (95% of households) as their basic energy source leading to 

increasing concerns regarding local deforestation [4]. Poor indoor air quality is associated with 

premature deaths and contribute to a broad range of child and adult diseases [6], which in turn 

negatively impacts the production capacity of agricultural households. 

Biomass can replace traditional fuels and reduce energy poverty, greenhouses gas (GHG) 

emissions and contribute to rural development [7], if properly utilized with appropriate 

technology. Agricultural residues from crops (carbon-rich) and animal production (nitrogen-

rich) are good sources of bioenergy and can contribute significantly to bioenergy generation, 

particularly through anaerobic digestion (AD) [8]. Biogas generation through AD is one of the 

most promising technologies for decentralized rural energy production as it not only generates 

clean energy (biogas) but can also generate organic fertilizer (digestate) for farming 

applications [9]. Compared to direct burning and composting, AD offers both clean fuel and 

organic fertilizer, rather than simply one or the other. However, its implementation and usage 

is still in the early stages in most developing African countries, especially in a small farming 

system where it was anticipated to have an impact. This is partly linked to a poor understanding 

of the biomass resources potential and/or inefficient utilization thereof for other purposes in 

smallholder farming systems. Data on agricultural residue yields remains limited, while data on 

crop yields are readily available, as the main objective of agricultural production was always to 
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maximise yields, whereas the total biomass yield was not considered important [10]. 

Furthermore, there is poor understanding to what degree other uses would possibly compete for 

the available biomass, for example, the demand for use as animal feed, and as use for recycling 

nutrients via composting or direct combination as fertilizer [11].  

Anaerobic digestion technology implementation not only produces biogas but also produces a 

stabilized digested slurry (digestate) that can serve as a source of plant nutrients [12]. The 

digested matter can be utilized as a biofertilizer to improve soil fertility and biological quality, 

and thereby improve crop productivity or to grow fodder for animal feed [12–14]. Anaerobic 

digestion transforms nitrogen into an immediately available form, offering a quick fertiliser 

response that can be applied when crops display signs of deficiency [15]. Small-scale farmers 

represent most of the rural population in developing African countries, and the use of mineral 

fertilizers is very low; consequently, there is a chance for high-quality bio-fertilizers to help 

farmers in improving productivity. Its implementation also provides a good opportunity for 

mitigation of GHG and reducing global warming via (i) substituting fuelwood for cooking, (ii) 

substituting kerosene for lighting and cooking, (iii) substituting mineral fertilizers, and (iv) 

reducing deforestation [16]. 

So far, the potential availability of agricultural residues for bioenergy in Madagascan 

smallholder farming systems has not been reported. Thus, this study aims to determine whether 

the agricultural residue biomass resources in the farming systems in the rural Vakinankaratra 

highlands of Madagascar is adequate to make AD viable and sustainable. The study objectives 

are a) to estimate the potential availability of gross agricultural residue biomass feedstock 

resource through surveys; b) to quantify a portion of gross agricultural residue biomass 

resources that is recoverable and available for the production of bioenergy; c) to estimate the 

available biomethane energy potential of the available residue biomass resources, and d) to 

estimate the digestate potential of the residue biomass available. 

 Methodology  

5.2.1 Sampling and data collection 

A survey of a sample of agricultural households in the Highlands area of the Vakinankaratra 

region was carried out by The National Center for Applied Research on Rural Development 

(FOFIFA) and The French Agricultural Research Centre for International Development 

(CIRAD) as part of the Project “Ecological intensification pathways for the future of crop-

livestock integration in African agriculture” (EcoAfrica). The survey was carried out with two 

teams of specifically trained investigators/pollsters from a sample of 405 agricultural 
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households drawn at random from 15 fokontany (smallest administrative division) belonging 

to five municipalities chosen to represent the diversity of production systems of this 

agroecological zone (see, Figure 5.1 and Table 5.1). The questionnaires made it possible to 

identify the productive resources, the allocation of these resources according to agricultural 

activities, practices and performances obtained for the entire agricultural year 2017/18 (October 

2017 - September 2018). The farm surveys were conducted with paper questionnaires, and the 

information collected was entered into a database with using Microsoft Access. The verification 

and the auditing were done with using Microsoft Access, and the data were exported to 

Statistical Packages for Social Sciences (SPSS) to carry out the statistical analysis.  

 

Figure 5.1: Map of the surveyed region (Vakinankaratra) in Madagascar. Note: number of 

populations, farms and animals are provided in (Table 5.1) and appendix C, Table 10.9). 

Table 5.1: Population in the study region [17]. 

 Population in 2018 

Vakinankaratra region 2 079 659 

of which rural population  85% 

Urban areas  

District of Antsirabe I 246 354 

Municipality of Ambatolampy 32 291 

Municipality of Betafo 34 336 

The five rural municipalities 

surveyed 
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Farathsio 46 569 

Ambohibary 48 603 

Ambohimandroso 36 166 

Tritriva 9 536 

Soanindrariny 25 646 

5.2.2 Availability of agricultural residue biomass resources for AD 

Agricultural residue biomass availability analysis comprises the estimation of biomass 

potentially available from either crop residue or animal manure categories. From agricultural 

production in smallholder farming systems, the energy potential of the available residue 

resources was estimated according to the steps illustrated in Figure 5.2 [17]. 

5.2.3 Crop residue biomass availability estimation 

Crop residues are generated from agricultural activities as by-products of crop production 

systems, and usually, its quantity depends on the crop yields. Biomass from crop residues is 

generally classified into two different categories: process residues and field residues. Field 

residues are defined as the residues which remain in the fields as a by-product of post-harvesting 

activities of the crop, whereas process crop residues are those generated during the processing 

of crops [9]. Field residues availability for energy uses is normally low, due to practical 

challenges associated with the collection of residues and the fact that all residues cannot be 

removed without influencing soil fertility adversely. On the other hand, process residues are 

usually obtainable in greater amounts as a result of the processing of the crop and may be 

utilized as an energy source [18]. The technical limitations (methods of harvesting, processing 

and transporting), and possibility of destruction by uncontrolled fires are also a factor for 

residue availability. 

The biomass residue availability potentials can be classified into gross residue potential, which 

includes the total quantity of biomass residue generated, and the recoverable residue potential 

which only constitutes the technically recoverable residues, or that proportion of the residues 

that remain once residues have been employed for other competing uses, e.g. employed for 

heating and cooking fuel, soil fertility, animal feeding and bedding, surface mulching, etc. 

[10,19,20]. The potential of gross and recoverable crop residue can be estimated using equations 

1-2 [19–22]. The potential of both the gross residue and the recoverable residue are assessed in 

this study.  
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Figure 5.2: Flow chart for determining the recoverable energy potential from agricultural 

residue biomass resources. Where MY is methane yield and cTS is total solid concentration. 

5.2.4 Gross residue biomass resource potential 

The gross residue potential estimation of a particular agricultural crop relies on the area 

cultivated, the crop yield and the residue-to-product ratio (RPR). The yields of crop residue 

vary even more than the yields of the crop and are thus difficult to take into consideration, as it 

relies on location, plant variety, climate conditions, agricultural practices and other factors [10]. 

Due to this reason, the residue-to-product ratio (RPR) values determined in the relevant 

literature at crop level were compiled for different crops and the average value for each crop 

residue type was used as given in (Table 5.2). The potential of gross crop residue is estimated 

using eq. (1): 

𝐺𝑅𝑃 = ∑ 𝐴(𝑖)𝐶𝑌(𝑖)𝑅𝑃𝑅(𝑖)  

𝑛

𝑖=1

                                                                                                           (1) 

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



105 

 

where GRP is the gross residue potential generated from “n” numbers of crops in tonnes (t); A(i) 

is the area under the ith crop in hectare (ha); CY(i) is the average crop yield of the ith crop in t.ha-

1, and RPR(i) is the residue-to-product ratio of the ith crop. 

Table 5.2: Crop residue type, residue to product ratio (RPR), recoverability factor (RF), 

concentration of total solid (cTS) and methane yield (MY). 

Crop Residue 

type 

RPR* 

(g.g-1) 

RF* 

(g.g-

1) 

cTS*  

(%) 

MY† 

(Nm3CH4.kgTS-

1) 

Reference* 

Rice Straw 1.54 0.72 84 0.264 [2,9,18–21,23–27] 

  Husks 0.36 0.62 92 0.232 [2,18,19,21,23,24,26

–29] 

Maize Stalks 2.00 0.80 85 0.268 [19–22,24,26,27] 

  Cobs 0.30 1.00 92 0.348 [2,19–

22,24,26,27,29] 

 Husks 0.20 1.00 89 0.238 [2,20,22,24,27] 

Potato Stems & 

leaves 

0.54 0.80 60 0.144 [20,25,29] 

  Peelings 0.75 0.80 35 0.329[30,31] [2,27] 

Cassava Stalk 0.12 0.80 85 0.192 [2,20,23,27–29] 

  Peelings  0.25 0.20 40 0.323 [2,20,23,29] 

Soybean Straw & 

pods 

2.23 0.80 85 0.225 [2,21,22,25,27–

31,35] 

Beans Straws 2.23 0.80 90 0.189[33] [27,30,32] 

Sweet 

potato 

Peelings & 

leaves  

0.45 0.80 35 0.297[34] [2,20,23,27,29] 

  Straw 0.50 0.80 80 0.144 [2] 

Taro Peelings 0.20 0.80 29 0.275[35] [27,29,35] 

  Straws 0.50 0.80 60 0.167 [2,29] 

Tobacco  Stem/stalk

s 

1.47 1.00 85 0.226[36] [20,23,25,29,32]  

Cabbage Foliage & 

stem 

2.50 0.95 15 0.265[31] [25,32] 

* Calculated average. † Unless stated otherwise all values based on [2]. 

5.2.5 Recoverable residue biomass potential 

As described above, it is assumed that not all crop residue biomass will be available for the 

production of bioenergy attributable to their variation in nature and competitive uses. The field-
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based biomass residue amounts that can be collected realistically is estimated via the 

recoverability fraction (also called surplus availability factor) of the crop residue biomass 

[20,27]. The recoverability factor (RF) is the fraction of residues that are available realistically 

for the production of bioenergy after part of it is utilized elsewhere [2,20,37]. The RF values 

for residue biomass were compiled from similar previous studies in different developing 

countries and the average value for each crop residue type was used due to lack of data specific 

to Madagascar, in order to estimate the recoverable residue potential as presented in Table 5.2. 

The recoverable residue potential is estimated using eq. (2): 

𝑅𝑅𝑃 = ∑ 𝐺𝑅𝑃(𝑖) 𝑅𝐹(𝑖)

𝑛

𝑖=1

                                                                                                                       (2) 

where, RRP is the recoverable residue potential from “n” number of crops in (t); GRP(i) is the 

gross residue potential generated from the ith crop in (t); and RF(i) is recoverability factor of ith 

crop. 

5.2.6 Methane and energy potential estimation from crop residue 

The potential of the biomethane of the crop residues was estimated using eq. (3). The values of 

the specific methane yield and the mean total solids concentration for the crop residues were 

obtained from literature as given in Table 5.2 [17]. 

𝑀𝑃 =  𝑅𝑅𝑃 ∙ 𝑀𝑌 ∙ 𝑐𝑇𝑆                                                                                                                          (3) 

where, MP is the potential methane production of crop residue (Nm3CH4.y
-1); MY is the 

methane yield from literature (Nm3 CH4.kgTS-1), and cTS is the concentration of total solid (%). 

The potential amount of energy available from the recoverable methane have been transformed 

from Nm3 methane to gigajoule (GJ) of heat energy, applying the factor 0.036 GJ.m-3 methane 

[2]. 

5.2.7 Animal manure availability estimation 

Animal manure is an important input in the production of biogas. The quantity of animal manure 

(𝐴𝑀) potentially generated and recovered are estimated using the number of animals (𝑃𝑙𝑖𝑣𝑒, 

head), mean annual manure production per animal (𝑀, kg.y-1.head-1), and recoverable fraction 

(𝑅𝐹). The animal manure biomass quantity which can be collected for energy application is 

calculated using eq. (4) [27]. 

𝐴𝑀 =  𝑃𝑙𝑖𝑣𝑒 ∙ 𝑀 ∙ 𝑅𝐹                                                                                                                              (4) 
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5.2.8 Methane potential estimation from animal manure 

To estimate the potential methane production from animal manure the main parameters needed 

comprise estimated manure per head per day, the concentration of total solids in the manure as 

well as the methane yield per unit of total solids. To estimate the quantity of biomethane that 

can be generated by each animal category, parameter values are derived from similar studies 

carried out in Ghana and Tanzania [2,38], as described in Table 5.3. Equation (5) can be used 

to estimate the potential of biomethane from animal manure that can be generated from 

recoverable manures [17]: 

𝑀𝑃 =  𝐴𝑀 ∙ 𝑐𝑇𝑆 ∙ 𝑀𝑌                                                                                                                            (5) 

where MP is the potential methane production from recoverable manure (Nm3CH4.y
-1), cTS is 

total solid concentration (%), and MY is the methane yield from literature (Nm3CH4.kgTS-1). 

Table 5.3: Quantity of estimated manure (M), RF, cTS and MY. 

Type of 

livestock 

M*  

(kg.h-1d-1) 

RF 

(kg.kg-1) 

cTS* 

 (%) 

MY 

(Nm3CH4.kgTS-1) 

References for RF 

and MY 

Cattle 12.00 0.50 12 0.207 [18,24,27,28,31,39] 

Pigs 3.60 0.80 11 0.247 [20,40] 

Goats & 

sheep 

2.00 0.33 25 0.220 [2,18,24,27,30] 

Poultry 0.02 0.50 25 0.220 [2,18,40] 

*All values based on [2,38]. 

5.2.9 Energy potential estimation from animal manure 

To estimate the potential amount of energy available from animal effluents, manure generated 

by cattle, pigs, poultry, goats and sheep are considered. 

5.2.10 Fuel equivalents estimation 

In developing countries, the generated biogas can be used for the replacement of most 

commonly used traditional fuels such as firewood and kerosene. Biogas equivalent fuels were 

estimated based on the assumption that 80% of the produced biogas would be utilized for 

substituting firewood and the remaining 20% for substituting kerosene used in the households 

[16]. Firewood and kerosene equivalents of the generated biogas were then computed applying 

the calorific values of these fuels. All values of the coefficients were derived from literature 

and utilized in the estimation, as summarized in the appendix C, Table 10.10. 

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



108 

 

5.2.11 Digestate potential estimation 

Digestate is a high-quality organic fertilizer for crops with significant contents of nitrogen (N), 

phosphorus (P) and potassium (K), micronutrients, and organic matter. It is usually utilized as 

fertiliser to crops without any further processing. In this study, the total quantity of digestate 

potential and its fertilizer equivalent was estimated. For the estimation, the mass of the digestate 

generated was calculated by subtracting the biogas mass (the quantity of substrate transformed 

into biogas) from the substrate/feedstock mass, as presented in the appendix C, Table 10.10-12. 

The mass of the biogas was derived based on the specific biogas yield and biogas density, by 

assuming the composition of biogas (average 60% CH4 and 40% CO2), and component densities 

(CH4 0.72 kg.m-3 and CO2 1.96 kg.m-3) [39]. The nutrient contents (N, P, and K) in the digestate 

were calculated by assuming that the digestate comprises a mean value of 52 g N, 42 g P2O5, 

and 43 g K2O per kg digestate on a dry weight basis [12,15,41]. 

 Results  

The biomass resources availability analysis of agricultural residue was conducted based on the 

number of agricultural households that practice mixed farming (crop and livestock production). 

Figure 5.3 shows that rice, maize, and potatoes were the most common crops, cultivated by 

96% (irrigated 91% and rain-fed 36%), 87%, and 82% of all farmers, respectively, but 

additional crops were also cultivated by smallholder farmers, including beans, sweet potatoes, 

soybean, taro, cassava, tobacco, and others. Furthermore, several farmers had small numbers of 

animals mainly poultry, cattle, pigs, and very few small ruminants (sheep and goats). 

 

Figure 5.3: Distribution of agricultural households by type of activity (percentage) (left) crop 

production, and (right) livestock production. 
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The gross and recoverable biomass potential, available biomethane and its energy potential, and 

digestate potential of agricultural residues biomass (including crop residues and animal manure) 

were estimated for farming households in rural Vakinankaratra highlands in 2017/18 in 

Madagascar. Biomass estimations are conducted based on the percentage of the household that 

farmed with a particular crop or animal species. 

5.3.1 Crop residue biomass resource and energy potential 

In the agricultural system of rural Vakinankaratra highlands, the main crop residues during the 

2017/18 production year are from rice, maize, potato, cabbage, soybean, sweet potato, cassava, 

beans, taro, and tobacco. Residual biomass from these crops that are relevant to the production 

of biogas consists of the straw, husks, stalk, cobs, leaves, stems, peels and shells/pods following 

harvesting and/or processing. The annual estimates of the gross residues in the agricultural 

system are based on the production of crop and residue-to-product ratio. Table 5.4 presents the 

mean crop production data and the generated residue potential from these crops during the 

2017/2018 production year. The potential methane production and its equivalent total amount 

of energy from the residues are also displayed in the table. From 17 crop residue types generated 

by ten crops, the estimated gross crop residue is approximately 7.3 t per year on a fresh weight 

basis per smallholder farming household. At an individual crop level, the generated crop residue 

per household (HH) is dominated by residues from potato (average 1.66 t generated by 82% 

HH), rice (average 1.38 t generated by 96% HH), and maize (average 0.62 t generated by 87% 

HH) per year.  

Table 5.4: Residue estimates from agricultural crops and their total energy potential per smallholder 

farming household. 

Crop HH 

(%) 

Average 

Pcrop (t.yr-

1) 

Residue 

type 

Gross 

residue  

generated 

FM* (t.yr-

1) 

Recoverable 

residue 

generated 

FM* (t.yr-1) 

Methane 

potential 

(Nm3CH4.yr-

1) 

Energy 

potential 

(GJ.yr-1) 

Rice 

  

96 0.725 

 

Straws 1.11+1.21 0.80+0.87 178+193 6.40+6.95 

Husks 0.26+0.29 0.16+0.18 35+38 1.26+1.37 

Maize 

  

  

87 0.249 

 

Stalks  0.50+0.77 0.40+0.62 91+140 3.27+5.06 

Husks 0.05+0.80 0.05+0.80 11+16 0.38+0.59 

Cobs 0.07+0.12 0.07+0.12 24+37 0.86+1.33 

Potato 

  

82 1.291 

 

Stem & 

leaves 

0.69+1.72 0.55+1.37 48+118 1.73+4.27 
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  Peelings 0.97+2.4 0.77+1.92 89+220 3.21+7.95 

Cassava 

  

20 0.406 

 

Stalks 0.05+0.04 0.04+0.04 6+5.8 0.22+0.21 

Peelings 0.10+0.01 0.02+0.02 3+2.5 0.09+0.09 

Soybean 29 0.076 Straw & 

pods 

0.17+0.20 0.14+0.16 26+30 0.93+1.1 

Beans 

  

64 0.053 

 

Straws 0.12+0.19 0.09+0.15 16+26 0.58+0.93 

Sweet 

potato 

  

48 0.514 

 

Peelings 

& leaves 

0.23+0.27 0.19+0.21 19+22 0.70+0.80 

Straw 0.26+0.30 0.21+0.24 24+27 0.85+0.98 

Taro 

  

24 0.536 

 

Peelings 0.11+0.10 0.09+0.08 7+6.3 0.25+0.23 

Straw 0.27+0.25 0.21+0.20 21+20 0.77+0.72 

Tobacco 13 0.270 Stalks 0.40+0.90 0.40+0.90 76+173 2.75+6.25 

Cabbage 1 0.760 Foliage & 

stem 

1.90+0.82 1.81+0.78 72+31 2.58+1.12 

Note: HH represents ‘households’. FM*= Fresh Matter. Results are expressed in mean + standard deviation. 

The recoverable residues for energy production are obtained by subtracting the amount used 

for other purposes from the gross crop residue generated. The estimates display that the average 

total amount of potentially available residues from crop production for the production of biogas 

is approximately 6 t, per year per smallholder farming household cultivated with a respective 

crop, i.e., 83% of gross residues are available as recoverable in rural Vakinankaratra. At an 

individual level, potato contributed the maximum quantity of recoverable residue at 

approximately 1.33 t (22%), followed by rice and maize residues at approximately 0.96 and 

0.52 t (16 and 9%) to the total recoverable residue per farming household farmed with a 

respective crop. At crop level, cassava residue has the highest competing uses, and only 39% 

are considered available for energy generation purposes as the peels are fed to animals (only 

20% recoverable) or dumped into solid waste [2]. On the other hand, tobacco stems and stalks 

have the lowest competing uses for energy generation among the considered crop residues. 

The potentially recoverable residue resources can be exploited for anaerobic digestion to 

generate biogas. The overall methane potential estimated from recoverable crop residues is 745 

Nm3 methane per year, equivalent to 26.8 GJ per year of heat energy per smallholder farming 

household in the study area. The available total methane potential from crop residues are mainly 

from rice, potato, and maize with 213, 137, and 125 Nm3 per annum of methane respectively, 

equivalent to 29, 18, and 17% of the total crop residue considered, as shown in Figure 5.4. This 

corresponds to 7.7, 4.9, and 4.5 GJ per annum of heat energy from rice, potato, and maize 

residues respectively, as shown in Figure 5.5. 
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Figure 5.4: Theoretical and available potential methane production of crop residues. 

 

Figure 5.5: Energy potential (GJ) of each agricultural biomass residue per year per household 

farmed with respective crop or animal. 

5.3.2 Animal manure biomass and energy potential 

The most common livestock in farming systems of rural Vakinankaratra highlands are poultry, 

cattle, and pigs, owned by 78%, 66%, and 60% of all households, respectively. Among those 

that farmed with poultry, the mean number owned per farming household were 13, followed by 

cattle (3), and pigs (3). Table 5.5 presents the mean number of livestock per smallholder farming 
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household, the estimated manure generation, and the methane equivalent and its energy 

potentials. The mean number of animals per farming household is small. From the manure 

produced by the four animal categories listed above, the gross animal manure produced is 

estimated to be 19.4 t on a fresh weight basis per year per smallholder farming household as 

presented in Table 5.6. The highest gross quantity of manure contributed is by cattle, 13.14 t 

per smallholder household per year at an individual level. 

Table 5.5: Animal manure estimate and the corresponding energy potential per smallholder 

farming household. 

Type of 

livestock 

HH 

(%) 

Average 

Plive 

(Head) 

Gross manure 

generated FM* 

(t.yr-1) 

Manure 

recoverable 

FM* (t.yr-1) 

Methane 

potential 

(Nm3CH4.yr-1) 

Energy 

potential 

(GJ.yr-1) 

Cattle 66 3 13.14+7.57 6.57+3.79 163+94 5.88+3.39 

Goats and 

sheep 

1 3 2.19+1.03 0.72+0.34 40+19 1.43+0.67 

Pigs 60 3 3.94+4.21 3.15+3.37 86+91 3.08+3.30 

Poultry 76 13 0.09+0.10 0.05+0.05 3+2.74 0.09+0.10 

Note: HH represents ‘households’. FM*= Fresh Matter. Results are expressed in mean + standard deviation. 

With regards to total recoverable livestock manure, 10.5 t on a fresh weight basis per 

smallholder farm household per year is estimated, i.e., 54% of gross manure generated are 

available as recoverable. Livestock (usually cattle, goats, and sheep) are allowed free-range 

during the day as most family farms are situated in rural areas. Thus, it is assumed that for half 

the day, the amount of produced manure from most cattle, sheep and goats is not recoverable. 

However, animals are mostly kept close to the house throughout the day to prevent animal theft, 

which provides a good opportunity to facilitate manure recovery. Pigs are commonly kept in 

agricultural system enclosures that facilitate the easy recovery of animal manure. Poultry was 

found in the highest numbers in the studied area; however, it generates the smallest amount of 

manure per head because they are free-roaming by day and only spend the night in an enclosure.  

From the recoverable fraction of animal manure, approximately 291 Nm3 of methane can be 

produced: this is equivalent to a total of 10.5 GJ per year of heat energy in the rural 

Vakinankaratra region, as presented in Table 5.6. The total methane potential available from 

the recoverable livestock manure is largely from cattle, about 163 Nm3 of methane (56%) as 

presented in Figure 5.6. This high potential is because of the relatively large quantity of manure 

produced by cattle (approximately 12 kg FM per head per day on average), leading to a large 

recovery of cattle manure. Furthermore, the majority of surveyed households owned cattle as 

part of their production system, with an average of three heads of cattle per farmer.  
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Figure 5.6: Theoretical and available potential methane production of animal manure. 

Table 5.6: Summary of biomass residue resources availability and biogas production potential. 

 
Unit Crop residue Animal manure 

Gross residue potential FM* [t.yr-1] 7.3+1.08 19.4+7.41 

Recoverable residue potential FM* [t.yr-1] 6.0+0.85 10.5+3.74 

Methane potential [Nm3CH4.yr-1] 745.0+122 291.0+92.65 

Energy potential [GJ.yr-1] 26.8+4.28 10.5+3.34 

Firewood equivalent of 80% of methane (t.yr-1) 3.3+0.55 1.3+0.41 

Kerosene equivalent of 20% of methane (m3.yr-1) 0.2+0.03 0.07+0.02 

Total amount of digestate DM* [t.yr-1] 1.6+0.26 0.7+0.26 

FM*=fresh matter. DM*=dry matter. 

5.3.3 Digestate production potential 

From the use of recoverable agricultural biomass resources in AD, it is estimated that the 

generation of approximately 2.3 dry tons total amounts of digestate from all residues per year 

per smallholder farming household in the studied area, as summarized in Table 5.7 and detailed 

in the appendix C, Table 10.13 and 14. The estimated total digestate contains nutrient contents 

that were estimated to be 121, 98, and 101 kg of total-N, total-P2O5, and total-K2O per year, 

respectively. 
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Table 5.7: Summary of the estimated digestate potential of the available crop residue and 

animal manure. 

Residue type Recoverable 

residue 

 (dry kg.yr-1) 

Digestate 

production 

(dry kg.yr-1) 

N equivalent 

of fertilizer 

 (dry kg.yr-1) 

P equivalent 

of fertilizer 

(dry kg.yr-1) 

K equivalent 

of fertilizer 

(dry kg.yr-1) 

Crop  3112+489 1602+260 83+13.51 67+10.91 69+11.17 

Animal  1328+445 738+257 38+13.41 31+10.83 32+11.09 

Total  4440+484 2340+261 121+13.55 98+10.95 101+11.21 

 Discussion 

Animal manure and crop residues availability estimate for AD purposes is crucial for biomass 

supply sustainability. The estimated results display an important residue biomass potential for 

the generation of biogas in small-scale farming systems, which can substantially improve 

energy access and minimize biomass use in conventional ways. The estimated gross animal 

manure and crop residue biomass resources potential were approximately 19.4 and 7.3 t on a 

fresh weight basis per smallholder household, of which 10.5 t (54% of gross) and 6 t (83% of 

gross) are available as recoverable for the generation of biogas, respectively, as summarized in 

Table 5.6. This indicates that crop residues have lower competing uses than animal manure. 

Manure is usually applied to the farming fields to act as fertilizer. Anaerobic digestion could 

be a good alternative to provide both high-quality organic fertilizer and bioenergy, thereby 

decreasing the competing uses of manure.  

From the available crop residue and animal manure biomass resources the total methane 

potential is 745 and 291 Nm3 of methane per annum per farming household, equivalent to 26.8 

and 10.5 GJ of heat energy, respectively. The energy potential of each agricultural biomass 

residues per year per household, for the different types of residues available, are presented in 

Figure 5.5. Crop residues show both higher methane potential and energy potential from 

available agricultural residues than animal manure. This is a result of the low numbers of animal 

types and the low quantities of each type owned by the surveyed farming households, and of 

the higher competing uses for manure in the farming systems. Overall, the residues that have 

the highest biogas potential are those from cattle among animals and from rice, potato, and 

maize among crops. Biomass production is important during the rainy season (November to 

April). With irrigation there is some production during the dry season, but this is much lower. 

Thus, the seasonal availability of the crop residues should be carefully considered for farmers 

in areas relying on a dryland production system as all crop residues are not available all year 

round. Additionally, other factors that could affect agricultural biomass resource availability, 
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for example, animal breed types (manure) or changes in crop cultivars (crop residue), were not 

considered. 

This study revealed that anaerobic digestion based on animal manure and crop residues can 

make a substantial contribution to meeting the energy demands of agricultural households in 

the rural highlands of the Vakinankaratra region of Madagascar. It is estimated that the methane 

generated has the potential to replace 4.6 t of firewood and 0.26 m3 of kerosene per year. These 

findings revealed that, if more priority will be given to bioenergy production from animal 

manure and crop residues the existing problem of energy access to several regions of 

Madagascar can be eliminated so long as the quantity of residues required for the animal feed 

and soil fertility is maintained. Moreover, proper utilization of animal manure and crop residues 

biomass resources for the production of bioenergy in rural areas of Vakinankaratra can also 

replace a high percentage of traditional cooking fuel that is represented by firewood and straw 

(about 83.3% of households in the rural area) [42]. Switching from these conventional solid 

fuels (such as wood, straw, charcoal, etc.) to more efficient modern fuels like biogas, can lead 

to substantial reductions in household air pollution as well as reduce pressure on natural 

resources.  

Biogas is currently not being utilised to a significant extent by any households in the rural areas 

of Madagascar. In Madagascar the electricity supply does not cover the entire territory: there 

are three interconnected networks, around the towns of Antananarivo-Antsirabe (RIA), 

Fianarantsoa (RIF) and Toamasina (RIT). The total length of the current transmission lines is 

approximately 1,000 km. However, a large part of these transmission and distribution networks 

are obsolete and are increasingly causing incidents. Most of the lines and equipment are 

overloaded. In the Vakinankaratra region, only 9% of urban dwellers and less than 2.5% of 

rural dwellers have access to electricity through the grid in 2019 according to the Ministry of 

Energy, Water and Hydrocarbons (MEEH). So, it seems difficult with so few rural people 

having access to electricity and such an underdeveloped grid, to consider connections from 

biogas production. The energy produced should be consumed on-site.  

The estimated energy potential from the AD of estimated agricultural residues in this study is 

higher than the energy demand estimated for cooking. In developing countries, the efficiency 

of biogas cookstoves ranges from 20–56% depending upon the design and operating conditions 

[43,44], with biogas consumption of about 0.22–1.10 m3 per hour [45]. To satisfy the cooking 

needs per capita per day, 0.33 m3 of biogas is required as it has been estimated for Nepal [45]. 

Haladová et al [3] estimated 1 m3 of biogas for meal preparation only for the average Malagasy 

family per day. The estimation was done based on 200 liters of biogas (with 60% of methane 

content) needed for cooking three meals for one person per day, with a mean Malagasy 
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household size of 4.9 persons. This biogas quantity is lower than the one reported for Nepal. 

For Vietnam, it has been estimated that 0.8 to 1 m3 of biogas is needed for a typical farming 

household of six people per day, which is comparable [46]. However, Bond and Templeton [47] 

stated that the production of biogas to provide a five-member family with two cooked meals a 

day is about 1.5–2.4 Nm3 biogas in developing countries. Similarly, Tolessa et al [17] reported 

0.5 Nm3 per day per person of biogas for cooking and 1.25 Nm3 per day per person of biogas 

for complete replacement of traditional fuels for low-income South African households. Based 

on these reports, biogas generation to meet the energy demands for cooking with biogas is 

approximately 0.8-2.5 Nm3 biogas (0.44-1.5 Nm3 methane) per day per average household in 

developing countries. This is equivalent to 5.8-19.7 GJ heat energy per year (which corresponds 

to 3.2-10.8 GJ.yr-1 available energy demand for cooking with biogas by assuming an average 

of 55% biogas thermal efficiency).  

After cooking, lighting is the second most usual end-use of biogas, particularly in the areas that 

lack connection to the electrical grid. Biogas is used for lighting with the aid of exclusive gas 

mantle lamps which consume around 0.07–0.14 Nm3 of biogas per hour [45]. Biogas lamps are 

less efficient than electric-powered lamps but more efficient than kerosene-powered lamps [46]. 

Farming households normally prefer biogas for cooking instead of lighting. Thus, the use of 

other lighting technologies is recommended, for example, home photovoltaic systems 

consisting of solar panels, light-emitting diode lights, battery and charger for a cell phone. 

Digestate is a high-quality fertilizer for crops with significant contents of nitrogen, phosphorus, 

and potassium. As described in the methodology section, the mean nitrogen content of digestate 

is 5.2% (4.2% P and 4.3% K) on a dry weight basis. After AD, ammonium (NH4
+) accounts for 

about 65-80% of the total nitrogen in the digestate, which is highly bioavailable and 

immediately available for crop uptake [12]. In digestate, the content of ammonium is directly 

associated with the total N content in the substrate. The higher the NH4-N contents in the 

digestate, the higher the efficiency of the digestate as nitrogen fertilizer. However, during the 

AD process, the increases in the concentration of NH4
+ promote losses of gaseous N after 

digestate is applied to the soil and increased the short-term availability of plant N [15]. Thus, 

to improve the use efficiency of N and promote digestate with a greater NH4
+ share on total N, 

caution should be given to vegetation periods, application methods, and season to minimize 

losses of N such as by mixing the digestate instantly with soil. One ton of dry digestate contains 

approximately 52 kg N on average, which corresponds to 115 kg urea fertilizer. From the 

estimated 2.3 t total quantities of digestate generated from all residue types, N content is 121 kg 

per year per agricultural household in the rural Vakinankaratra region of Madagascar. This 
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corresponds to 268 kg urea fertilizer per year for those farmers who have all the residues, and 

which can then be used for crop fertilization. 

Digestate can be utilized as organic fertilizer and is indicated to be more appropriate than raw 

agricultural residues (e.g., manure, slurry) for fertilizer application. It has greater organic 

carbon retention and increased bioavailability of nitrogen due to decreased losses of N during 

decomposition. Degradable organic matter is easily transformed into methane and carbon 

dioxide during anaerobic digestion, whereas complex organic matter, for example, lignin 

remains in the digestate, thus increasing its quantity of effective organic carbon, which remains 

in the soil for at least one year. Therefore, this contributes to the humus build-up in soil (in 

digestate 33.7 kg per ton on average vs. in pig manure 20.0 kg per ton on fresh weight) [12]. 

High humus status enhances the infiltration of soil microorganisms and the holding capacity of 

water is fair enough for rain-fed crops [48].  

The utilization of residue biomass resources to provide clean renewable energy to smallholder 

farmers can alleviate the problems that arise from the absence of modern clean energy facilities. 

It also enhances the farming households’ productive capacity. Livestock manure is either 

applied directly to crops as manure, left unused, or utilized for cooking in dried form, whereas 

the unused portion of crop residues are left and/or burn in the fields, which leads to loss of 

nutrients present in the residues as well as air pollution.  

If utilized properly with appropriate processing technology, animal manure and crop residues 

can be a source of biogas. The production of biogas through anaerobic digestion technology is 

well suited to small-scale farmers as both an alternative energy source and recycle nutrients as 

well as a management practice for residues. Biomass resources are the main factors that affect 

the development of small-scale anaerobic digestion technology in rural parts of developing 

African countries. The development of small-scale anaerobic digestion technology is influenced 

not only by biomass resources but also by the level of rural social economy and other factors 

[49]. The income of the consumers and the consumer's area energy condition is vital in selecting 

biogas as an energy source or not. In some poor rural areas, farmers do not have available capital 

to fund digester installation. This may require government support during the initial phase so 

that the cost of installing and maintaining a biogas system does not prevent farmers from using 

this source of energy. A smaller household type design digester with a volume of 4 m3 to 12 m3 

might be more affordable for a family farm with two or three cows (other equivalent substrates) 

[50,51], such as in rural Vakinankaratra areas. The household-scale type digester appears more 

valuable for small farmers to produce biogas and organic fertilizers with lower investment and 

maintenance costs [52]. A household-scale type digester might be more attractive for a small-

scale farm as feedstock are available at a certain distance without transport and storage issues. 
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Moreover, the farms are small, so the quantities to be stored are not very important. However, 

this constitutes a point of improvement: to reinforce the storage capacities so that this one is 

done in good conditions, it is besides one of the techniques popularized for the improvement of 

the quality of the manure. Therefore, investments must be planned in addition to the digester. 

Finally, this study proposes that small-scale anaerobic digestion technology should be adapted 

or developed according to local situations (including biomass and water availability). This 

could be done to explore possible strategies that will identify ways to enhance biomass potential 

and utilize the resources feasibly (e.g, investigation on whether the use of a smaller digester or 

a community digester shared by households is more feasible in local situations).  Further study 

is also recommended on the adverse effect of utilizing digestate as a fertilizer as well as about 

digestate storage and utilization mechanisms after the AD process in a local context that did not 

form part of this study in biomass estimation.  

Future studies would be of great value to future project assessments relating to the effective use 

of the available resources for AD application in rural communities. Particularly, future 

investigations relating to alternative usages and approaches such as natural biogas/bio-natural 

gas for vehicles, BioNGV (e.g., for replacement of conventional fuels) in the circular economy 

and economic development context to realize the full potential of AD and help farmers to better 

use their farm residues. This could also allow farmers to diversify their income and improve 

their socio-economic development.  

 Conclusion 

Using data from agricultural household surveys combined with literature models, and publicly 

available data enabled us to estimate biomass resources availability for anaerobic digestion 

(AD) in small farms in the Vakinankaratra region of Madagascar. The estimation of agricultural 

biomass residue has revealed that there is an important potential of biomass feedstock for AD 

application in the region. Small-scale biogas technologies could be utilized near the source of 

feedstock in small farming systems and supply energy off the grid. This can make an important 

contribution in meeting the energy need in rural areas of the country, where the government has 

been unable to supply modern energy applications. Besides, a stabilized organic fertilizer 

produced from livestock manure and crop residues through AD can improve the soil quality 

and fertility and improve crop productivity within an agroecological small production system. 

The established baseline for biomass resource estimation at the small farming system level can 

be used for other provinces in Madagascar and elsewhere, to establish a similar baseline and 

quantify the potential for bioenergy generation from locally available biomass resources. 

Further studies are recommended to assess the ecological and economic value of biomass 
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feedstock collection and conversion at a national level to integrate into the mainstream energy 

sector.  
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Chapter 6 

6. Anaerobic Digester Technology Assessment based on Multiple-Criteria 

Decision Analysis Techniques: A Case Study in South African 

Smallholder Farming Systems 

While the previous two studies in Chapters 4 and 5 were centred on the 

agricultural residue biomass feedstock availability estimations, this study 

emphases on the appropriate technology selection. Despite all its potential 

benefits, one of the reasons for the slow uptake of AD is poor technology 

selection given particular local contexts. Thus, this chapter develops a multi-

criteria technology selection model and demonstrated for the assessment of 

small-scale anaerobic digester technology using the South African 

smallholder farming systems case study.  
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Abstract  

Anaerobic digestion is a well-established technology for waste valorisation and bioenergy 

production, but the adoption thereof is low in the context of smallholder farming in Africa. In 

this study, a multicriteria technology selection model was developed for the assessment of 

small-scale anaerobic digester technology. The Simple Multi-Attribute Rating Technique 

(SMART) and the Analytical Hierarchy Process (AHP) approaches of multiple-criteria 

decision analysis were used as a decision support tool, and the preferred anaerobic digester 

technology was selected from a list of eleven potential small-scale digester technologies used 

in low to middle-income countries. The AHP was applied to make a pairwise comparison 

among criteria that can be used to choose the best technology among all potential alternatives. 

For this purpose, eight techno-economic criteria were evaluated. SMART was used to score 

the importance of each digester technology alternative against each criterion. These techniques 

were applied under two scenarios for a case study in the South African smallholder farmers. 

Scenario1 involves a subsistence smallholder farming context, while scenario 2 involves a 

commercially oriented smallholder farming context. The overall results revealed that DIY 

Biobag and Puxin digester design models were the most preferred with 82.1 and 73.7% 

preferences to other digester technologies under scenario 1 and 2 respectively. AGAMA 

BiogasPro digester was ranked in the second position in both scenarios. A sensitivity analysis 

was conducted to determine the effect of changes in the assessment criteria weights and found 

the selected alternatives stable and robust. Finally, it can be concluded that the developed 

technology selection model contributed a knowledge-based framework to be used in various 

situations by different decision-makers, thereby providing a method applicable to particular 

local conditions to identify the most suitable technology choices. 
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 Introduction  

Despite all its potential advantages, small-scale anaerobic digester (AD) technology uptake in 

Africa has been slow, and this is partially linked to poor technology selection. In several cases, 

small-scale anaerobic digester technology projects are often performed without any systematic 

planning and technology selection without considering the availability of local technical 

knowledge and skills, environmental and socio-economic perspectives [1]. This leads to 

digester abandonment and failure in implementing small-scale biogas projects in remote rural 

areas of low to middle-income countries (LMICs) [2]. These are the exact areas that could also 

stand to benefit a lot from such technologies. Small-scale ADs are considered a sustainable 

and clean technology that can benefit households in the rural areas to satisfy their basic energy 

demands and enhance their living conditions [3]. The biogas and organic fertilizer generated 

from anaerobic digestion can provide renewable energy, reduce rural poverty by improving 

agricultural output and health conditions. It also decreases the pressure on the environment as 

the energy generated can prevent deforestation, water and soil pollution, and greenhouse gas 

(GHG) emissions [1,4–6]. Furthermore, this technology represents one of the few small-scale 

technologies that could provide the technical possibility of more decentralized methods to 

development in LMICs [4]. However, the use and adoption of AD in smallholder farming 

systems, where it was expected to have an impact, are very low in Africa [7].  

Technology selection methods require the assessment of several analytical (intangible) and 

economic (tangible) factors in decision support conditions [8]. Obtaining the exact analysis 

data or quantifying those intangible and/or tangible factors are generally not easy [8], and 

drives most decision-makers to a poor selection process in choosing a particular technology 

for implementation in a specific region. To improve this, a systematic approach is necessary 

to address those technology selection assessment factors (criteria), in order to make the most 

suitable selection that satisfies the specific requirements of the region where the technology is 

implemented. To solve such a multi-criteria problem multi-criteria technique is required [9]. 

Multi-criteria decision analysis (MCDA) methods create a systematic approach, which can be 

used to anaerobic digester technology selection [1]. 

The MCDA technique is the most popular and powerful in technology selection approaches, 

which offers a means to systematically frame and assess complex multi-criteria decision 
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problems [10,11]. Several MCDA techniques are used in many decision-making frameworks, 

and it has been reported that different approaches may yield different analysis findings [12]. 

Of those techniques, the AHP and the SMART are considered in this paper, since these 

techniques are the more effective and flexible in assessment, selection and design of 

sustainable projects, eliminating failures in their application and management [1,13–15].  

The AHP is the most popular and flexible method which is used to organise and analyse 

complex decision problems based on their relative preference [11,15]. The main feature of this 

technique is the use of pair-to-pair comparisons, which are employed both to assess selection 

criteria weights that are utilized in decision analysis, and to compare the options (alternatives) 

concerning the numerous criteria decided on during planning. This method has been broadly 

utilized and applied successfully to numerous practical problems [9,13,14,16–18]. Some of the 

advantages of this technique are that it is not data-intensive; scalable and is easy to utilize 

[11,14]. However, some of its drawbacks are interdependence problems between criteria and 

options; rank alteration in cases when applied to rank a new type of alternative against other 

known ones and it can lead to inconsistencies between criteria ranking and decision [14,15,19].  

In the SMART approach, options are prioritized according to ratings that are assigned from 

the natural scales of attributes (criteria)  directly [15,19,20]. The major benefits of SMART 

compared to other MCDA approaches are increased flexibility and simplicity, requires less 

effort in decision-making process as the results are computed using a simple additive weighting 

method and it also permits for any type of weight rating methods (e.g., absolute, relative, etc.) 

[14]. The main advantage of this approach over the AHP is that the judgment analysis 

technique is built independently of the options. Hence the options ratings are not relative and 

consequently, the introduction of a new type of options doesn’t affect the scores of other known 

alternatives [15,19,20]. Also, it can be employed for any number of criteria or alternatives 

without restriction. Its disadvantage is that the technique for determining work may not be 

convenient considering the intricate framework [14].  

In South Africa, there are numerous different general definitions for smallholder farmers and 

the terminology used to refer to them has been inconsistent. This terminology has usually been 

related to the specific number of farmers in a specific group, which makes classification 

difficult [21]. The term “smallholder” refers to the overall number of households situated in 

rural areas and former homelands involved in farming activities and characterized by 

subsistence farming practices and non-commercial [22–24]. Smallholder is often also used as 

the broader term to refer to the total number of farmers or households involved in any 
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agricultural production on a relatively small scale [21,23]. This broad group of farming 

households or small-scale farmers can be sub-divided into two groups according to The 

National Department of Agriculture, Forestry and Fisheries [25]. The first group of farmers, 

known as ‘subsistence farmers’, are formally defined as those farming households involved in 

agriculture which only produce agricultural goods for their own household consumption [25]. 

The second group of farmers known as ‘emerging smallholder farmers’ are defined as those 

that are situated in the former homeland areas and are predominantly black. This group of 

farming households include those that are involved in more commercially inclined by 

marketing their produce [26]. Therefore, the current study aimed to carry out a MCDA by 

combining the advantages of the AHP and SMART tools for anaerobic digester technology 

selection in smallholder farming system context. The study focusses on the selection of an 

anaerobic digester technology, a key factor in the success of the anaerobic digestion technology 

application. Moreover, it aims to design a specific type of multi-criteria technology selection 

model by combing the advantages of the two approaches.  

 Methodology  

The model used for the technology selection comprised numerous procedural steps as 

presented in Figure 6.1. Following goal definition (the choice of the most appropriate small-

scale AD technology for smallholder settings in South Africa), the first step was the 

formulation of a list of various potential AD technologies, based on an intensive literature 

review. A total number of 20 AD technologies implemented in low to middle-income countries 

were reviewed, from which 11 were selected based on their scale and data availability as 

alternatives in the MCDA procedure. Following this, associated quantitative and qualitative 

information were collected for the identified alternatives. The AD technologies were used as 

the options from which evaluation would be carried out and judgments built on the most 

preferred technology. In this step, two specific scenarios were also formulated for small-scale 

AD selection cases. 

The two specific scenarios were (1) AD technology selection in a subsistence smallholder farm 

household context, and (2) AD technology selection in a commercially oriented (emerging) 

smallholder farm household context. The scenarios considered were developed based on the 

statistics South Africa [27] and other previously published papers [24,28]. The first scenario, 

which is technology selection in subsistence farm household context, corresponds to the 

condition in which smallholder farmers have limited technical expertise, which can pose 

serious challenges in accessing valuable proper organizations that disseminate knowledge on 
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technological aspects [28]. In this scenario, a large number of smallholder farming households 

are not capacitated financially (low household income) or infrastructurally. The second 

scenario consists of the situation in which smallholder farmers do not produce solely for 

subsistence but also to sell part of their produce, although few aspire to fully commercialize 

their products. These farmers typically also have some access to technical skills training and 

some necessary infrastructure. Table 6.1 shows the main features of both scenarios.  

 

Figure 6.1: MCDA process in technology selection decision making.  
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Table 6.1: Developed scenario of AD technology selection. 

 Scenarios Main variation factors 

Scenario 

1 

Digester selection in a 

subsistence smallholder 

farming household context 

(those only produce 

agricultural goods for own 

household consumption) 

Income, education and infrastructure 

Skill needed for construction & cost of digester 

• should be simple to install and requires little 

skills and initial training  

• the capital cost involved in purchasing and 

installing the technology should be low 

Digester size <10 m3 [29,30] 

Scenario 

2 

Digester selection in a 

commercially oriented 

smallholder farming 

household context (those 

marketing or sell part of 

their produce) 

Users need 

Scalability or flexibility of digester capacity & 

suitability of substrate 

Digester size 10-30 m3 [1,19] 

Next, the key selection criteria which are important to the stated technology selection goals 

were identified. Numerous criteria affect the selection process of any technology, but some 

criteria tend to dominate the decision process. However, technology selection is commonly 

done based on a number of techno-economic considerations [16]. Selection criteria should also 

include those perspectives which reflect concerns relevant to the decision problem. Criteria 

selection must reflect the concerns and preferences of stakeholders and decision-makers [31]. 

In this study, selection criteria were chosen taking into account small-scale AD programmes 

already implemented in rural communities of LMICs [16,19,32–34]. The local characteristics 

and relevance for the case study were also taken into consideration (to meet the objectives) 

when selecting the criteria, and an attempt was also made to pay attention to the stakeholders 

via the available literature review and other relevant publicly available documents and reports 

[2,35–37]. In this paper, a total of eight (8) important techno-economic aspects of technology 

selection criteria were identified, evaluated and used for alternative digester selection processes 

under the developed scenarios. Table 6.2 presented the selected criteria lists.  
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Table 6.2: Perspectives and criteria for AD technology selection. 

Perspectives  Criteria  Sub-criteria 

Technical Capacity/digester volume Scalability  

Skills  Ease of construction 

Materials  Local availability of technologies (construction 

materials) 

Physical structure Feedstock suitability  

 Agitation method 

 Temperature regulation  

Lifespan  Sturdiness  

Economic  Capital cost  Initial cost of plant (construction) 

The combined AHP and SMART approaches of a MCDA technique aim to attain a decisive 

goal from multiple options using a pre-selected/defined range of criteria [15]. To rank the eight 

assessment criteria, the AHP-MCDA method was employed to perform a pairwise comparison 

among criteria that can be applied to choose the best product among all potential alternatives. 

The four steps of AHP include (1) the construction of hierarchy; (2) pair to pair comparison of 

matrices; (3) determination of weight for each criterion via normalization procedure; and (4) 

combination of weight and consistency check [11]. This technique offers the evaluation of 

selection criteria that are utilized in decision-making process and provides weighting value for 

all the selected criteria [38]. The selected criteria were assigned scores according to their level 

of importance/preference based on [1,16,19,36,39]. A matrix was generated through pairwise 

comparisons by using the standard preference scale set by Saaty [40] in a range of 1-9 as 

presented in Table 6.3, and criteria weights were obtained through calculations from the 

average normalized value. The pairwise comparison matrix was normalized by computing as 

per the method followed by Kasie [20] as presented in the appendix D, Table 10.15.  

Combining weights of the normalized values indicate that the sum of all weights must be equal 

to 1.00 using eq. (1).  

∑ 𝑊𝑖 = 1                                                                                                                                             (1)

𝑛

𝑖=1
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Table 6.3: Description of preference scale for pair-wise comparison using AHP. 

Level of preference  Numeric Score/Value  

Equal  1 

Equal to moderate  2 

Moderate  3 

Moderate to strong  4 

Strong  5 

Strong to very strong  6 

Very strong  7 

Very strong to extreme  8 

Extreme   9 

It is important to evaluate the degree of consistency, to avoid incorrect preferences during the 

execution of pairwise comparison and its order. To test the consistency of the pairwise 

comparison, the consistency ratio (CR) of judgments was calculated based on the method 

developed by Saaty [40]. In a pairwise comparison matrix, the consistency ratio shows the 

random likelihood of values being obtained [38]. The value of CR is less or equal to 0.10 

(10%) means that the degree of consistency is acceptable, if not, there are serious 

inconsistencies that may make the AHP method produce meaningless findings. In such a case, 

a revision of the pairwise comparison is required [13,38,41]. 

The degree of consistency for the pairwise comparisons is calculated by the ratio of 

consistency index (CI) to the random consistency index (RI). The consistency index was 

determined for the pairwise comparison matrix by using the eigenvalue as shown in eq. (2). 

𝜆𝑚𝑎𝑥  = 1/𝑛 ∑ 𝑋𝑖/𝑊𝑖                                                                                                                         (2)

𝑛

𝑖=1

 

Where, 𝜆𝑚𝑎𝑥 is the eigenvalue of the pairwise comparison matrix. 

            Wi is the normalized weight given for each criterion by using AHP. 

            Xi   are values calculated from the generated pairwise comparison matrix (A) and 

criteria weights, as presented in the appendix D, Table 10.15. 

            n   is the number of criteria used for pairwise comparisons. 

The consistency index (CI) was computed using eq. (3). 

𝐶𝐼 = (𝜆𝑚𝑎𝑥 − 𝑛)/(𝑛 − 1 )                                                                                                                  (3) 
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The RI is obtained from a computer simulation of matrices with random values from the scale 

1-9. It is constant for a 𝑛 × 𝑛 matrix; the average values for various n are shown in Table 6.4. 

Table 6.4: The random average consistency indexes (RI) for various n [32]. 

Size of matrix (n) 1 2 3 4 5 6 7 8 9 

RI 0 0 0.58 0.9 1.12 1.24 1.32 1.41 1.45 

After the consistency check, the SMART-MCDA technique was applied to score and rank the 

preference (performance) of all the AD technology alternatives against each assessment 

criterion. For all identified potential alternatives, a numeric score between 0 and 1 was given 

to indicate how well each alternative execute with regard to a specific criterion using SMART, 

where a score of 0 implies nearly no satisfaction and 1 implies extremely high satisfaction. 

Then, an overall value (score) of options are computed as the sum of a total product of the 

options with corresponding criteria. Finally, an alternative with a higher overall score of Si 

indicates the highest rank which is the better decision alternative (the best digester technology) 

[42]. 

For each digester alternative Di against each criterion Cj, the overall "score" Si was computed 

by applying eq. (4): 

𝑆𝑖 = ∑ 𝑊𝑗𝐷𝑖𝑗                                                                                                                                       (4) 

Where, Wj is the normalized weight allocated to each assessment criterion Cj using AHP. 

Dij is the scored preference of the digester alternative Di against each criterion Cj 

using SMART. 

The results from a MCDA can only be useful if it is stable [9,40]. Hence, a sensitivity analysis 

was conducted to evaluate the effect of changing selection criteria weights, to see their impact 

on the rankings and the proposed technology selection scenarios. If the alternatives ranking 

does not alter, the outcomes are supposed to be robust [17].  

A sensitivity analysis was conducted taking into consideration that the opinions of decision-

makers may differ, which may in turn affect the ranking they assign to different criteria. It was 

carried out for marginal situations of criteria weighting, to evaluate the effect of each criterion 

and group of criteria, due to bias of the preference in pair-wise comparison of criteria. 

Therefore, five sensitivity analysis (SA) cases were assessed:  

▪ SA Case 1: All the selection criteria have an equal 12.5% weight. 
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▪ SA Case 2: The group of technical criteria (availability, construction, suitability, 

scalability, lifespan, temperature, and agitation) has a 100% weight in aggregate 

(each of them has a 14.29% weight), while the economic criteria have a 0% weight. 

▪ SA Case 3: The economic criterion (digester cost) has a 100% weight, while all 

other technical criteria have a 0% weight. 

▪ SA Case 4: The group of technical criteria weighs 50% (each of them weighs 

7.14%), and the economic criterion (digester cost) weighs 50%. 

▪ SA Case 5: Five of the criteria (availability, cost, construction, suitability, and 

scalability) have a 20% weight each and the others have a 0% weight. 

The criteria weighting sensitivity analysis cases used in this study are comparable to the ones 

conducted by other authors [17,43,44]. 

 Results and Discussion 

Results of small-scale AD technology selection using eight different criteria are presented in 

this paper. A methodological study combining AHP and SMART approaches of MCDA was 

used to evaluate selection criteria, to rank alternatives and identify the best AD alternative 

among different models and designs under two scenarios, for implementation in smallholder 

farming systems. To determine the effect of changes in the assessment criteria weights a 

sensitivity analysis was also conducted. According to the scale of AD, 11 small-scale digester 

technologies were considered. The developed lists of these alternative AD technologies are 

presented in Table 6.5. The following sections discuss a detailed description of the results. 
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  Table 6.5: Quantitative and qualitative attributes of the selected AD technology alternatives. 

 

 

 

Criteria 

Anaerobic Digester Alternatives 

Fixed dome 

digester 

(brick and 

mortar) 

Floating 

drum 

digester 

 

Agama 

BiogasPro 

digester 

 

Little green 

monster 

digester 

EZ-digester 

 

 

 DIY BioBag 

digester 

 

Puxin 

digester  

 

 

Africa green 

energy 

technologies 

digester 

Geomembr

ane 

digester 

STANDA

RD 

digester 

GREENBO

X digester 

  

 

Digester 

capacity  (m3) 

10 60 6  2.5 1.5 10 10  10  35 30 From 100 

Local 

availability (in 

the country) 

Yes  No Yes  Yes  Yes  Yes  Yes  Yes  No  No  Yes 

Material   Brick and 

mortar 

Concrete 

structure  

Prefabricated 

Polyfiber 

tank origin in 

South Africa 

Prefabricated 

Polyethylene 

tank 

Heavy duty 

rotor 

moulded 

plastic  

PVC plastic 

bag 

 

In-situ 

concrete 

Concrete 

structure   

Prefabricat

ed 

Polyfiber 

tank origin 

in India 

Prefabricat

ed 

Polyfiber 

tank origin 

in England 

On-site steel  

Feedstock 

suitability 

Yes  

 

No  

 

Yes  Yes    Yes  Yes Yes  Yes  Yes   No  Yes  

Agitation 

method 

None  None  Manual  None  None  None  Hydraulic  None  Manual  External 

hydraulic 

system  

Incorporated  

Temperature 

regulation  

Constructed 

underground 

Constructed 

Underground 

Abovegroun

d  

Constructed 

Underground 

Abovegroun

d   

Constructed 

Underground 

Constructed 

Underground 

Constructed 

Underground 

Abovegrou

nd 

Insulated  Insulated  

Lifespan (years) Up to 20 Up to 15  15 20  10+ Up to 15 30+  Up to 20 15 10 15 

Cost of digester 

(R) 

80000 

 

350000 45000 15000  12000  16 000 60 000  - 180000 210000 1200000 

Cost of digester 

per m3 

8000 5800 7500 6000 8000 1600 6000 - 5140 7000 12000 

References [2,33,45,46] [19,45,46] [19,33,47] [33,48–50] [33,48,49,51] [33,36,48,49] [19,33,48] [19,33] [19] [19] [19,52] 

Note: Local availability of the technologies differ due to the fact some are imported, some are fully manufactured/constructed and others are not available in the country. 

Construction material and their designs were taken into consideration for substrate suitability. Digester capacity (scalability) - availability of flexible sizes for the stated 

scenarios were also taken into consideration.
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6.3.1 Weighting assessment criteria using AHP approach 

In this study, AHP was applied to assess the weight of each criterion, as it is preferable to other 

MCDA methods for comparison of criteria that are not more than 10 [20]. Table 6.6 presented 

the pairwise comparison matrix, to determine the selection criteria weights. The priority of all 

the eight criteria is combined to form normalized criteria values, which is named the normalised 

criteria matrix as presented in the appendix D, Table 10.15. 

Table 6.6: Preference matrix (A) or pair-wise comparison. 

 Criteria  C-1 C-2 C-3 C-4 C-5 C-6 C-7 C-8 

Scenario 

1 

C-1 1 1 1 3 3 5 7 3 

C-2 1 1 1 3 2 3 7 3 

C-3 1 1 1 3 2 3 5 3 

C-4 1/3 1/3 1/3 1 1/3 2 3 1/2 

C-5 1/3 1/2 1/2 3 1 3 5 2 

C-6 1/5 1/3 1/3 1/2 1/3 1 2 1/2 

C-7 1/7 1/7 1/5 1/3 1/5 1/2 1 1/3 

C-8 1/3 1/3 1/3 2 1/2 2 3 1 

Scenario 

2 

C-1 1 2 3 1/2 4 3 5 1/2 

C-2 1/2 1 2 1/3 3 2 4 1/3 

C-3 1/3 1/2 1 1/4 2 1 3 1/4 

C-4 2 3 4 1 5 4 7 1 

C-5 1/4 1/3 1/2 1/5 1 1/2 2 1/5 

C-6 1/3 1/2 1 1/4 2 1 3 1/4 

C-7 1/5 1/4 1/3 1/7 1/2 1/3 1 1/7 

C-8 2 3 4 1 5 4 7 1 
C-1= Local availability C-2= Digester cost C-3= Easy of construction C-4= Substrate suitability C-5= Lifespan 

C-6= Temperature regulation ability C-7= Presence of agitation C-8= Scalability. 

To check the pairwise comparison execution reliability, the CR was calculated. The 

consistency of the analysis of the pairwise comparisons revealed that it is reliable and 

acceptable as CR<0.1 for both scenarios 1 and 2, indicating that overall consistency is 

satisfactory, as shown in Table 6.7. The consistency vector matrix generated and used for 

consistency index (CI) calculation is presented in the appendix D, Table 10.16.  

Table 6.7: Results of consistency check analysis. 

 Overall CI Overall RI (for n=8) Overall CR 

Scenario 1 0.03359 1.41 0.024 

Scenario 2 0.01889 1.41 0.013 

RI is random consistence index. 

Following the acceptable consistency of the pair-wise comparison, the relative weights of 

criteria that are considered in the technology selection process concerning the goal for both 
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scenarios were obtained and presented in Table 6.8. This result from the pair-wise comparison 

shows that for scenario 1, local availability of the technology (23.2%), the initial cost of the 

digester (20.6%) and ease of construction (19.9%) followed by lifespan (12.2%) have higher 

weight than all other criteria with the overall inconsistency of 2.4%. Scenario 1 results are 

accordance with  the study performed by Ferrer-martí et al. [1] and Kuria et al. [39], as reported 

by high criteria weight for the availability of construction materials, ease of construction, 

lifespan and initial investment cost relative to other technical criteria for small-scale anaerobic 

digesters. For scenario 2, capacity scalability and substrate suitability have equal criteria weight 

(26.0%) followed by local availability (16.6%) and cost (10.8%) with the inconsistency of 

1.3%. Scenario 2 results are comparable to those generated by Njuguna et al. [15] and Kigozi 

et al. [19], except that they did not incorporate lifespan as a criterion. The presence of an 

agitation device has low criteria weight in both scenarios, which is expected since automated 

mixing is less important for small scale plants where the substrate slurry can be mixed manually 

[19]. These criteria weights seem reasonable for the context mentioned in each scenario.  

Table 6.8: Summary of the criteria weights for Scenario 1 and 2. 

Criteria   Weight (W) 

 Scenario 1 Scenario 2 

Local availability (C-1) 0.232 0.166 

Digester cost (C-2) 0.206 0.108 

Easy of construction (C-3) 0.199 0.068 

Substrate suitability (C-4) 0.078 0.260 

Lifespan (C-5) 0.122 0.044 

Temperature regulation ability (C-6) 0.050 0.068 

Presence of agitation (C-7) 0.028 0.028 

Scalability (C-8) 0.084 0.260 

6.3.2 Weighting digester technology alternatives using SMART approach  

After the selection criteria weight evaluation, scores were awarded to each technology 

alternative against the assessment criteria using the SMART technique, and an overall score 

for each alternative was calculated. The advantage of this approach is that all the alternatives 

can be assessed independently, and it is mainly suitable when introducing new criteria or 

options to the present comparison assessment and obsolete ones are rejected. This feature is 

crucial to increase, modify and reject alternatives without influencing the value of previously 

existing alternatives.  
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Figure 6.2 presents the MCDA hierarchical framework considered in the selection of an 

alternative AD technology for anaerobic digestion process, based on the selected criteria. This 

framework combines the advantage of AHP and SMART methods to conduct a MCDA for 

technology selection. All the selected criteria were evaluated against the goal using the AHP 

approach as discussed above, while all the alternatives were weighed against each criterion 

(which was evaluated using AHP) using the SMART approach.  

 

Figure 6.2: Relation of goal, criteria and digester alternatives in a combined AHP-SMART 

framework. 

Table 6.9 presents the score and performance of the 11 potential digester alternatives that were 

assessed against the eight selection criteria under the developed scenarios. Ranks of alternatives 

were calculated as a total summation of products of the options with corresponding criteria and 

a decision about the most suitable alternative is then made from the ranking. The overall 

normalized performance matrix of the AD alternative is available in the appendix D, Table 

10.17.  
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Table 6.9: Scores for each alternative against criteria. 

  

Criteria 

 

Weight 

AD Alternative 

D1 D2 D3 D4 D5 D6 D7 D8 D9 D10 D11 

Scenario 

1 

C-1 0.232 0.30 0.00 1.00 0.65 0.65 0.90 0.80 0.50 0.00 0.00 0.30 

C-2 0.206 0.60 0.75 0.60 0.60 0.60 1.00 0.65 0.50 0.80 0.65 0.10 

C-3 0.199 0.50 0.70 1.00 0.60 0.90 0.90 0.80 0.65 0.70 0.75 0.40 

C-4 0.078 0.70 0.20 0.65 0.60 0.60 0.60 0.70 0.60 0.80 0.20 0.85 

C-5 0.122 0.80 0.80 0.80 0.85 0.70 0.80 1.00 0.85 0.80 0.60 0.80 

C-6 0.050 0.50 0.50 0.10 0.50 0.10 0.50 0.50 0.50 0.30 0.65 0.70 

C-7 0.028 0.10 0.10 0.20 0.10 0.20 0.10 0.40 0.10 0.30 0.60 0.80 

C-8 0.084 0.65 0.10 0.70 0.80 0.80 0.65 0.75 0.65 0.20 0.20 0.00 

𝑺𝒊 = ∑ 𝑾𝒋𝑫𝒊𝒋  0.53 0.44 0.77 0.64 0.66 0.82 0.76 0.58 0.50 0.43 0.39 

Rank 7 9 2 5 4 1 3 6 8 10 11 

Scenario 

2 

C-1 0.166 0.30 0.00 1.00 0.65 0.65 0.90 0.80 0.50 0.00 0.00 0.30 

C-2 0.108 0.60 0.75 0.60 0.60 0.60 1.00 0.65 0.50 0.80 0.65 0.10 

C-3 0.068 0.50 0.70 1.00 0.60 0.90 0.90 0.80 0.60 0.70 0.75 0.40 

C-4 0.260 0.70 0.20 0.65 0.60 0.60 0.60 0.70 0.60 0.80 0.10 0.85 

C-5 0.044 0.80 0.80 0.80 0.85 0.70 0.80 1.00 0.85 0.80 0.60 0.80 

C-6 0.068 0.50 0.50 0.20 0.50 0.20 0.50 0.50 0.50 0.30 0.65 0.70 

C-7 0.028 0.10 0.10 0.20 0.10 0.20 0.10 0.40 0.10 0.30 0.60 0.80 

C-8 0.260 0.60 0.10 0.70 0.55 0.55 0.60 0.80 0.60 0.20 0.20 0.00 

𝑺𝒊 = ∑ 𝑾𝒋𝑫𝒊𝒋  0.56 0.28 0.70 0.59 0.58 0.70 0.74 0.56 0.46 0.29 0.41 

Rank 7 11 2 4 5 3 1 6 8 10 9 

D1=Fixed dome digester (brick and mortar), D2=Floating drum digester, D3=AGAMA BiogasPro digester, 

D4=Little green monster (LGM) digester, D5=EZ-digester, D6=DIY BioBag digester, D7=Puxin digester, 

D8=Africa green energy technologies (AGET) digester, D9=Geomembrane digester, D10=STANDARD 

digester, and D11=GREENBOX digester. 

Table 6.10 presented the summarized overall scores and ranks of the eleven different AD 

alternatives compared against the selection criteria under both scenarios. An alternative with 

the highest overall score implies a better decision alternative.  

Table 6.10: Summary of the overall score and ranking of AD alternatives. 

AD alternatives  Scenario 1  Scenario 2 

 Rank Score  Rank Score  

DIY bag digester (D6) 1 0.821 3 0.703 

AGAMA BiogasPro digester (D3) 2 0.772 2 0.704 

Puxin digester (D7) 3 0.755 1 0.737 

EZ-digester (D5) 4 0.664 5 0.583 

LGM digester (D4) 5 0.639 4 0.587 

AGET digester (D8) 6 0.581 6 0.564 

Fixed dome digester (D1) 7 0.527 7 0.559 

Geo-membrane digester (D9) 8 0.504 8 0.458 

Floating drum digester (D2) 9 0.443 11 0.279 

STANDARD digester (D10) 10 0.430 10 0.287 

Greenbox digester (D11) 11 0.391 9 0.414 
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From the combined AHP-SMART method results showed that DIY Biobag, AGAMA 

BiogasPro and Puxin digesters appeared in the top three digester technologies for both 

scenarios. However, there are small changes in ranking priority between DIY Biobag and Puxin 

digesters, while AGAMA BiogasPro digester maintained the same rank in both scenarios.  

For scenario 1, DIY Biobag digester ranked first with the ranking priority of 82.1% followed 

by AGAMA BiogasPro and Puxin digesters with the ranking priority of 77.2% and 75.5% 

respectively. The reason for the DIY Biobag digester being top ranked for scenario 1 is that it 

comes at the lowest cost when compared to other digester technologies. It represents the best-

suited technology for rural areas and poor farmers as well [47–49]. Ease of construction, cost 

and local availability criteria are key factors in the success of AD implementation particularly 

in subsistence smallholder farmer context, as these criteria are crucial to ensure that smallholder 

farmers have access to the technologies, and can afford the investment [35,36].  

For scenario 2, the Puxin digester is top ranked with 73.7% ranking priority followed by 

AGAMA BiogasPro digester with the ranking priority of 70.4%. This is comparable to the 

study conducted by Kigozi et al. [19] and Mutungwazi et al. [33], for households and pilot-

scale (small facilities) digesters. The AGAMA BiogasPro digester maintained the same rank 

in both Scenarios and remain stable. However, this digester has an inflexible size, as it is 

produced in fixed volumes of 6 m3. It also has a limitation in temperature regulation ability 

since it is built above-ground and lacks an agitation device, which reduces its total score to fall 

below that of the Puxin digester for scenario 2, while its higher cost reduces its score to fall 

below that of the DIY Biobag digester in scenario 1. The top-three digesters are all available 

locally in South Africa, are constructed easily and are suitable for various feedstock options. 

AGET, Fixed dome and Geo-membrane digesters maintained the same rank 6, 7, 8 respectively 

in both scenarios, while EZ and LGM digesters only changed by a rank of 1 place. In both 

scenarios, the worst option of alternatives are the floating drum digester, STANDARD and 

Greenbox digesters, which is a result of the fact these technologies are either fully or partially 

unavailable locally and are not scalable to the required size ranges for each investigated 

scenario, which reduces their total scores and increases those of technologies that meet these 

criteria better.  

6.3.3 Sensitivity analysis 

Table 6.11 summarized the overall digester alternative ranking results of the sensitivity analysis 

compared to the original analysis rank, whilst the overall sensitivity analysis scores are 

presented in the appendix D, Table 10.18 and Table 10.19. 

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



143 

 

Table 6.11: Summary of the ranking of sensitivity analysis results. 

AD alternatives Rank for Scenario 1  Rank for Scenario 2 

OA SA1 SA2 SA3 SA4 SA5  OA SA1 SA2 SA3 SA4 SA5 

DIY bag digester 1 2 2 1 1 1  3 2 3 1 1 1 

AGAMA BiogasPro 

digester 

2 3 2 6 3 2  2 3 2 6 3 2 

Puxin digester 3 1 1 4 2 3  1 1 1 4 2 3 

EZ-digester 4 5 5 6 6 4  5 5 6 6 6 4 

LGM digester 5 4 4 6 5 5  4 4 4 6 5 4 

AGET digester 6 6 6 10 10 6  6 6 7 10 10 6 

Fixed dome digester 7 7 8 6 7 7  7 7 8 6 7 7 

Geo-membrane digester 8 9 9 2 4 8  8 9 9 2 4 8 

Floating drum digester 9 11 11 3 8 9  11 11 11 3 8 9 

STANDARD digester 10 10 10 4 9 10  10 10 10 4 9 10 

Greenbox digester 11 8 6 11 11 11  9 8 4 11 11 11 

OA stands for the original analysis, Si stands for Sensitivity Analysis Case i. 

The following section discusses a detailed description of the sensitivity analysis cases result 

compared to the original analysis (OA). 

SA Case 1: If all selection criteria are assumed to have an equal 12.5% weight (see Table 6.11, 

SA1), the alternative ranking of the sensitivity analysis was slightly changed relative to the 

original rank (OA) for both scenarios. However, the alternative ranks in scenario 2 are more 

stable as 64% of the ranks are not changed and 36% are only changed by a rank of 1 place. In 

scenario 1, 27.3% alternatives maintained the same rank and 45.4% are only changed by a rank 

of 1 place, while 27.3% are changed by a rank of up to 3 places. In both scenarios, the best 

performing alternative is the Puxin digester. DIY Biobag and AGAMA BiogasPro digesters 

are in the top three technologies in both scenarios. In case 1, the worst option of an alternative 

in both scenarios is floating drum digester followed by STANDARD and Geomembrane 

digesters, which is a result of the fact these technologies are not locally available.  

SA Case 2: In the case where a group of technical factors has a 100% weight, while economic 

criterion has a 0% weight (see Table 6.11, SA2), the alternative ranking was slightly changed 

for the majority of the alternatives in scenario 1 and not changed for the majority of alternatives 

in scenario 2 compared to the original rank (OA). In scenario 2, the top four technologies are 

100% stable compared to the original rank. The results of Case 2 sensitivity analysis show that 

the Puxin digester is more stable and ranked first place in both scenarios. DIY Biobag and 

AGAMA BiogasPro digesters are ranked second with equal priority ranking for scenario 1, 

while AGAMA BiogasPro digester is ranked second and DIY Biobag digester ranked third for 
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scenario 2. Similar to Case 1, Floating drum digester ranked last in both scenarios followed by 

STANDARD and Geomembrane digesters.  

SA Case 3: In case when the economic factor has a 100% weight and all other technical criteria 

have a 0% weight (see Table 6.11, SA3), the analysis results show that there is a substantial 

rank alteration for the majority of the alternatives in both scenarios. However, the affordable 

option DIY Biobag digester appears as the most stable and the top-rank alternative in both 

scenarios as this scenario specifically analyses the context of low economic resources. With 

regard to financial perspectives, the capital cost involved in purchasing and installing the 

technology seemed to be the most vital one. In fact, in rural areas of LMICs, it is considered 

the most substantial challenge for widespread small-scale digester use [35,36]. Geomembrane 

and Floating drum digesters are ranked second and third. In the case of 100% economic criteria 

weighting, Greenbox digester ranked worst under both scenarios due to the fact that it is 

technically advanced and comes at the highest cost, is not easily constructed, and is not scalable 

to the required size.  

SA Case 4: The group of technical criteria weighs 50% (each of them weighs 7.14%), and the 

economic criterion (digester cost) weighs 50% (see Table 6.11, SA4), the alternative ranking 

was slightly changed in both scenarios for some alternatives. DIY Biobag digester remains 

stable and ranked in the first position in both scenarios followed by Puxin and AGAMA 

BiogasPro digesters (see Table 6.11, SA4). Greenbox digester ranked as the worst option in 

both scenarios. 

SA Case 5: In the case where a group of five techno-economic criteria (availability, cost, 

construction, suitability, and scalability) have a 20% weight each and the others have a 0% 

weight, the alternative ranking was not changed for scenario 1, while scenario 2 shows a slight 

change for some alternatives (see Table 6.11, SA5). DIY Biobag digester is ranked the best 

performing and stable alternative in both scenarios like in Case 3 and 4. AGAMA BiogasPro 

and Puxin digesters ranked second and third in both scenarios.  

The overall conclusion of sensitivity analysis results revealed that DIY Biobag digester ranked 

as the most preferable alternative as presented in Figure 6.3. It ranked in the first position in 

most cases (60%, see Table 6.12) when priorities are given to economic criteria (SA3), 50% 

economic and 50% technical criteria (SA4), and a selected group of criteria (SA5) in both 

scenarios. Table 6.12 revealed that this digester model is also the most stable solution under 

whichever criteria weighting in terms of rank. The Puxin digester is ranked second overall, 

since it ranked in the first position under equal criteria weightings (SA1) as well as when 

technical criteria weighting takes preference (SA2). AGAMA BiogasPro digester ranked third 
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in both scenarios. Floating drum, STANDARD, Greenbox, Geo-membrane and AGET 

digesters have the greatest fluctuation in their ranking priorities, whereas Floating drum and 

Greenbox digesters were the most stable to rank fluctuations. The overall sensitivity analysis 

revealed that the priority ranking of the alternative is robust for the top three technologies with 

little rank variations and comparable to results obtained by Kigozi et al. [19] and Mutungwazi 

et al. [33].  

 

Figure 6.3: Overall mean score of AD alternatives for five different cases of criteria weight. 

Table 6.12: Summary of the rank frequency of AD alternatives for the aggregate sensitivity 

analysis results (5 cases and 2 scenarios). 

AD Alternative  Rank 
 

1 2 3 4 5 6 7 8 9 10 11 

DIY bag digester 60% 30% 10% - - - - - - - - 

Puxin digester 40% 20% 20% 20% - - - - - - - 

AGAMA BiogasPro 

digester 

- 40% 40% - - 20% - - - - - 

EZ-digester - - - 20% 30% 50% - - - - - 

LGM digester - - - 50% 30% 20% - - - - - 

AGET digester - - - - - 50% 10% - - 40% - 

Fixed dome digester - - - - - 20% 60% 20% - - - 

Geo-membrane 

digester 

- - - 20% - - - 20% 40% - - 

Floating drum 

digester 

- - 20% - - - - 20% 20% - 40% 
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STANDARD 

digester 

- - - 20% - - - - 20% 60% - 

Greenbox digester - - - 10% - 10% - 20% - - 60% 

The results of this study reveal that the AHP and SMART approaches can be combined to 

develop a robust decision analysis tool to determine the most preferable AD technology from 

among several alternatives, given a particular local context. This tool is likely to be particularly 

useful to decision-makers and researchers to design planning frameworks for projects, as the 

combined method draws on the individual strengths of each method. Applying a single 

technique cannot always be expected to undertake a substantial change in all features [20]. This 

study has employed AHP to prioritize the assessment criteria, while SMART was used to score 

all the technology alternatives performance against each criterion to optimize their benefit. 

Thus, it can be concluded that AHP and SMART can be used in combination to determine the 

best technology rather than applying these methods independently. In this study, some of these 

advantages are: 

• The method was applied under a range of different conditions, and the rankings 

consistently agreed with the known technology characteristics; 

• The method has a built-in mechanism (the CR value) to check that results are consistent; 

• The method calculates 'objective' weightings, and therefore eliminates 'subjective' bias 

that happens when weightings are assigned to criteria;  

• The method is useful to take a structured approach to help solve the complex problem 

of appropriate technology selection by taking into account multiple criteria; and 

• The method can also easily be applied to rank a new type of alternative against other 

known ones, in order to determine whether it is a viable technology alternative in 

different scenarios.  

Likewise, the method has some shortcomings which include:  

• The method requires a good definition of each specific project scenario due to the fact 

that the ranking is also likely to change if the scenario changes. In turn, clear project 

definition requires inputs from somebody experienced in the technology, and also 

somebody who knows the specific local context and the needs and circumstances of the 

final beneficiaries, in order to fully define the project. Requiring input from so many 

stakeholders may make it complex and time consuming to arrive at a rigorous project 

definition. 
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• The final operator of the procedure needs to be well-trained in it, in order to allow 

rigorous and correct manipulation of inputs, and interpretation of the various results 

and numbers (both intermediate and final).  

 Conclusion 

The analytical hierarchy process and the simple multi-attribute rating technique were 

successfully combined into a robust multi-criteria analysis method, to determine the best 

anaerobic digestion technologies from multiple options, and for a number of different 

scenarios, within smallholder farming systems in South Africa. The method consistently 

accords the highest-ranking to the Biobag digester technology from a list of 11 potential small-

scale digesters used in low to middle-income countries. This ranking is consistent with the 

significant cost advantage of technical characteristics of the technology; however, for those 

households who have sufficient access to capital for the initial investment, the method identifies 

the Puxin digester as the most appropriate alternative, excluded in cases where underground 

construction is not possible. In such cases, the BiogasPro digester would be preferred since its 

construction mode is above-ground. Although the findings are in line with previous studies this 

study recommended further analysis to fully incorporate local stakeholder opinions into the 

criteria selection and their validation with stakeholders. 

The developed technology selection method contributed a knowledge-based framework for the 

choice of the most appropriate technology from numerous options, given local conditions and 

constraints, and is likely to be useful to various decision-makers. Given the potential 

advantages of integrating small-scale anaerobic digestion technology into smallholder farming 

systems, continuous research and analysis of small-scale anaerobic digesters in Africa is 

recommended. Specifically, further studies relating to social aspects and on-site practicability 

of affordable alternatives, so that refine the design models to best suit the smallholder farming 

system setting.  
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Chapter 7 

7. Probabilistic simulation of biogas production from anaerobic co-digestion 

using Anaerobic Digestion Model No. 1: a case study on agricultural 

residue 

This article was submitted on 03/06/2021 to Rewenable Energy journal 

published by Elsevier. Current status: under review.  

This study aim was in the application of Anaerobic Digestion Model No. 1 

(ADM1) to generate probability distributions describing predicted biogas 

production and quality from the anaerobic digestion of mixed agricultural 

substrates, the top available agricultural substrates estimated in the two 

regions (Chapter 4 and 5). This study established a co-digestion strategy via 

probabilistic simulation that accounts for parametric uncertainty in the 

model in order to provide a probability distribution over the relevant biogas 

parameters. The simulation results for co-digested substrates can readily be 

applied in subsequent techno-economic feasibility analyses. 
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Abstract  

Anaerobic co-digestion is a well-established approach to overcome drawbacks associated with 

the digestion of individual substrates, but the identification of suitable substrate combinations 

requires extensive experimental work. As an alternative, Anaerobic Digestion Model No. 1 was 

implemented to predict the biogas production potential from mixed substrates. Unfortunately, 

the validity of anaerobic digestion simulations is often questioned due to the inherent difficulty 

in parameterizing such complex models. In this work, an extensive literature survey was 

combined with a Monte Carlo approach to account for parameter variability, leading to a 

probabilistic estimate of biogas production. The method was applied to the co-digestion of 

agricultural residues as a case study. Predicted values of biogas yield and methane content were 

validated using literature data before extending the simulations to new substrate combinations. 

Results indicated that co-digestion increases mean methane content by up to 8% compared to 

mono-digestion of individual substrates. However, the predicted probability distributions are 

multimodal: traditional point estimates for biogas production rates may be sensitive to small 

variations in parameter values, yielding misleading results. The results emphasize the necessity 

of a probabilistic approach in anaerobic digestion modelling for informed decision making, 

especially in subsequent techno economic feasibility assessments. 

 

Keywords: ADM1; agriculture substrate; biogas; co-digestion; GMM; uncertainty analysis  

 Introduction  

Anaerobic digestion of agricultural residues without pre-treatment or mixing with animal 

manure results in low biogas and methane yields as the direct use of agricultural residue 

substrates by microorganisms is challenging [1]. This is due to the imbalanced nutrient 

composition (e.g. high carbon-nitrogen, C/N ratio), absence of diversified microorganisms and 

the complex lignocellulosic structure (slowly biodegradable and/or non-biodegradable), which 

affect the microbial degradation efficiency in limiting degradation and acid production [1–3]. 
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Furthermore, this substrate may be polluted by herbicide and pesticide residues and thereby 

may affect the process dynamics [4–6]. Co-digestion is a promising alternative to overcome the 

drawbacks of mono-substrate digestion due to synergistic effects enhancing the economic 

feasibility of biogas plants through higher methane generation [7]. Co-digestion can enhance 

the digestibility of slowly biodegradable cellulose and hemicellulose and provide buffering 

capacity to avoid pH shock [8]. For example, co-digestion of carbon-rich agricultural substrates 

with nitrogen-rich feedstock (e.g. animal manure) can enhance the nutrient supply for microbial 

growth, process stability and biogas generation [9–11]. If properly managed, co-digestion 

technology can improve gas yield by up to 25-400% compared to the mono-digestion of 

identical substrates [12,13]. Besides the high biogas generation per unit volume of the reactor, 

other benefits of co-digestion technology include the improvement of methane content, process 

stability, nutrient balance, positive synergisms in the digestion medium, dilution of 

toxic/inhibitory compounds, improved moisture content of the reactor feed, increased 

biodegradable organic matter load, reduced greenhouse gas emissions, and improved economic 

viability [7,14–17]. Despite the numerous benefits associated with co-digestion, the optimal 

selection of appropriate co-substrates for process stability and biogas production remains a 

significant challenge [17,18]. 

Mathematical models are capable of predicting anaerobic digestion performance, optimizing 

operational conditions, and predicting process failure and instability [16,19–21], thereby 

circumventing time- and cost-limited experimentation [22,23]. Several mathematical models 

have been developed to predict, monitor and optimize biogas production by AD [24,25]. 

Compared to other AD models, Anaerobic Digestion Model No. 1 (ADM1) developed by the 

International Water Association’s (IWA) Task Group is one the most well-established 

mathematical models to simulate AD processes [24,26–28]. ADM1 is a complex model 

accounting for various biochemical (disintegration, hydrolysis, acidogenesis, acetogenesis, and 

methanogenesis) and physicochemical processes (dissociation/association of ions and gas–

liquid transfer) [24]. The model includes 7 different microbial groups with activities which are 

defined by 26 dynamic state variables and 19 biochemical kinetic processes coupled to 3 liquid-

gas transfer kinetic processes as well as 8 implicit algebraic equations [21,24,29].  

The flexibility of ADM1 is due to a dependence on many parameters which must be calibrated 

to specific conditions (e.g., substrate combinations) to ensure accurate predictions. Some 

studies have applied the default stoichiometric and kinetic parameters [19,29,30] despite the 

fact that the default parameters may not be appropriate for many substrates and may result in 

inaccurate predictions [31–34]. Other studies have used experimental analysis (e.g., anaerobic 

respirometry analyses and biochemical methane potential tests) to parameterize ADM1 
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[32,35,36], which is labour-intensive and time-consuming. Literature parameter values show a 

wide variation even for identical feedstock types which may be related to discrepancies in 

experimental conditions used in an individual research studies [25]. The operating mode 

(continuous or batch), the composition of inoculum used and other process conditions (such as 

pH, temperature, etc.) all impact the experimental results and thus the final calibrated 

parameters. Yet, no systematic parameter calibration protocol has been suggested in literature 

except trial-and-error iterative approaches.  

To the authors’ knowledge, there is no single source providing a comprehensive overview of 

ADM1 parameter variability, nor to quantify model uncertainty to improve the utility of the 

model at varying conditions and improve the applicability of ADM1 to a broad range of 

substrates. Thus, an extensive literature study on the ADM1 parameters was conducted to 

inform the uncertainty analysis and address the challenges associated with parameterization by 

explicitly modelling uncertainty using a Monte Carlo approach. As a case study, ADM1 was 

applied to predict biogas production and biogas composition from locally available agricultural 

substrates under different operating conditions while accounting for uncertainty in the model 

parameters to provide a probability distribution over the relevant outputs (biogas parameters). 

The case study considered biomass availability in the smallholder farming system of South 

Africa (KwaZulu-Natal and Limpopo provinces) and Madagascar (Vakinankaratra province) 

[37,38]. The substrates included in this study were cow manure (CM), maize straw (MS), 

cabbage residues (CR), rice straw (RS), and potato peel (PP), based on their availability in the 

two regions.  

 Methodology  

7.2.1 Characterization of agricultural residue substrates  

As ADM1 is a complex model, it requires detailed substrate characterization. The 

characterization has a substantial impact on the gas composition and the ADM1 simulation 

results [39,40]. Substrate composition data collected from literature is summarized in Table 7.1 

and this data was utilized to calculate the main substrate input parameters for the model. In 

ADM1, the estimation was described in terms of chemical oxygen demand (kg COD.m-3) for 

all organic species and molecular hydrogen, and molar concentrations (kmol.m-3) for 

nitrogenous species and inorganic carbon species [24]. Figure 7.1 presents the extended 

Weender analysis approach for substrate fractionation as described in [41]. The volatile solids 

content (organic matters) in the feedstock is fractioned into raw protein (RP), carbohydrates 

(raw fiber (RF) and nitrogen-free extracts (NfE)) and raw lipid (RL) as well as into neutral 
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detergent fiber (NDF), acid detergent fiber (ADF), and acid detergent lignin (ADL). Further, 

the carbohydrates fraction (RF + NfE) can be divided into starch (RF + NfE - NDF), 

hemicellulose (NDF - ADF), cellulose (ADF - ADL) and lignin (ADL). 

Table 7.1: Basic characterization of the substrates. 

Parameter  Unit Cow 

manure 

Maize 

straw 

Rice 

straw 

Potato 

peels 

Cabbage 

residues 

Total solids (TS) [%] 9.83 91.06 93.29 11.64 9.00 

Volatile solids (VS) [% TS] 84.54 91.73 89.81 93.00 91.81 

Raw proteins (RP)  [% TS] 9.88 11.47 2.74 14.25 31.11 

Raw lipids (RL) [% TS] 5.33 0.68 1.58 0.38 0 .00 

Raw fibre (RF) [% TS] 29.19 27.51 40.00 27.07 37.78 

Nitrogen free extracts 

(NfE)a 

[% TS] 40.14 52.07 45.49 51.36 22.92 

Neutral detergent fibre 

(NDF) 

[% TS] 49.66 74.8 72.12 54.56 22.9 

Acid detergent fibre 

(ADF) 

[% TS] 33.24 50.87 43.2 32.70 19.53 

Acid detergent lignin 

(ADL) 

[% TS] 13.44 9.93 7.88 4.82 10.00 

Degradation level, DVS [%] 49.5 40.33 45.65 82.6 90.00 

References   [42–46]  [46–

49] 

[3,50–

52] 

[53] [49,54–56] 

a Calculated value, see eq. 2.  
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Figure 7.1: Extended Weender analysis for determination of substrate composition. 

ADM1 uses a disintegration process to describe the degradation of composite particulates, 

which is converted into individual fractions of proteins (Xpr), carbohydrates (Xch), lipids (Xli) 

and inert material (Xi) [24]. Proteins and lipids are assumed to be completely biodegradable. 

The sum of fully degradable starch and the degradable fraction of cellulose and hemicellulose 

represents the biodegradable content of carbohydrates, while the non-degradable fraction of 

cellulose, hemicelluloses and lignin represents the inert material [41,57]. To estimate the 

composite particulate material (XC) representing each substrate the fraction of proteins, lipids, 

carbohydrates and inerts are multiplied by their theoretical oxygen demand and summed 

according to a procedure proposed by Koch et al  [41] (eq. 1): 

𝑋𝑐 =  ⍴𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒(𝑇𝑆)[𝑅𝑃(𝑇ℎ𝑂𝐷𝑝𝑟) + 𝑅𝐿𝑖(𝑇ℎ𝑂𝐷𝑙𝑖) + 𝐴𝐷𝐿(𝑇ℎ𝑂𝐷𝑙)

+ (𝑅𝐹 + 𝑁𝑓𝐸 − 𝐴𝐷𝐿)(𝑇ℎ𝑂𝐷𝑐ℎ)]                                                                           (1) 

Where ⍴substrate is the mass concentration of the substrate in the reactor (kg.m-3), TS is the total 

solid content (%), ThOD is the theoretical oxygen demand of the corresponding fractions 

(kgCOD.kgx-1), RP is the fraction raw proteins (%TS), RLi is the fraction raw lipids (%TS), RF 
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the fraction raw fibres (%TS), (RF + NfE - ADL) is the fraction carbohydrates (%TS), and ADL 

are inerts (%TS). The theoretical oxygen demand values for the fractions of carbohydrates 

(ThODch), lipids (ThODli), proteins (ThODpr) and lignin (ThODl) degradation are given in 

Table 7.2. The nitrogen-free extracts from a substrate were calculated by eq. 2 [40]. 

𝑁𝑓𝐸 + 𝑅𝐹 =  𝑉𝑆 − 𝑅𝑃 − 𝑅𝐿𝑖                                                                                                               (2) 

The stoichiometric parameters fch_xc, fpr_xc, fli_xc, and fi_xc used in ADM1 to represent the fraction 

of carbohydrates, proteins, lignin and inerts, respectively, in composite particulate matter  were 

determined by the method proposed by Koch et al [41] (eqns. 3-6). Further, the degradation 

coefficient d describing the degradable part of hemicellulose and cellulose is determined from 

the degradation level (DVS) of the substrates using eq. 7 [41].  

fpr_Xc =
𝑅𝑃 

𝑉𝑆
      

[%]

[%]
                                                                                                                             (3)  

fli_Xc =
𝑅𝐿

𝑉𝑆
         

[%]

[%]
                                                                                                                             (4)  

fch_Xc =
(𝑅𝐹 + 𝑁𝑓𝐸 − 𝑁𝐷𝐹) + (𝑁𝐷𝐹 − 𝐴𝐷𝐿)𝑑

𝑉𝑆
     

[%]

[%]
                                                          (5)  

fxi_Xc =
𝐴𝐷𝐿 + (𝑁𝐷𝐹 − 𝐴𝐷𝐿)(1 − 𝑑)

𝑉𝑆
     

[%]

[%]
                                                                           (6) 

d =
𝑁𝐷𝐹 − 𝑉𝑆(1 − 𝐷𝑉𝑆)

𝑁𝐷𝐹 − 𝐴𝐷𝐿
                                                                                                               (7) 

Table 7.2: ThOD of different substrate fractions [41]. 

Substrate  Composition  Molar mass ThOD [kgO2/kgTS] 

Carbohydrate (cellulose, 

hemicellulose & starch) 

(C6H10O5)n 162n 1.19 

Lipid  C57H104O6  884 2.90  

Protein  C5H7O2N 113 1.42 

Lignin  C10.92H14.24O5.76 237.44 1.56 

 

For cow manure, further detailed substrate characterization (inflow fractionations) was done in 

terms of particulate and soluble components of proteins, carbohydrates, and lipids. The 

particulate composites component XC was not used directly as input flow fraction for cow 

manure as the substrate already passed a disintegration step during digestion step in the cow’s 

rumen [40,42,58]. For the soluble components, the values of amino acids (Saa), 

monosaccharides (Ssu), total long-chain fatty acids (Sfa), total acetate (Sac) and inerts (Si) were 

computed according to [40] by multiplying the particulate composite material XC with the 
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percentages proposed by [58], as presented in Table 7.3. For the other substrates, the soluble 

components of the inlet concentrations were equal to zero as the XC was directly utilized. 

Table 7.3: Parameter’s value [% COD] of soluble components in cow manure. 

Parameter  Description  Cow manure [%COD] 

Ssu Monosaccharides 10.8 

Saa Amino acids 2.7 

Sfa Total long chain acids (LCFA) 0.8 

Sac Total acetate  0.0 

Si Inerts  5.7 

 

Given the fresh matter (FM) inflow load in kgFM.d-1, the particulate model fractions Xpr, Xch, 

Xli and Xi of the input materials were calculated by subtracting the soluble components from 

their corresponding theoretical particulate components according to eq. (8)-(11) [40,59]. 

X𝑝𝑟 = (𝐹𝑀)( 𝑇𝑆 )(𝑅𝑃)𝑇ℎ𝑂𝐷𝑝𝑟 − 𝑆𝑎𝑎                                                                                               (8) 

X𝑙𝑖 = (𝐹𝑀)( 𝑇𝑆 )(𝑅𝐿)𝑇ℎ𝑂𝐷𝑙𝑖 − 𝑆𝑓𝑎                                                                                                  (9) 

X𝑐ℎ = (𝐹𝑀)( 𝑇𝑆 )[(𝑅𝐹 + 𝑁𝑓𝐸 − 𝑁𝐷𝐹) + (𝑁𝐷𝐹 − 𝐴𝐷𝐿)𝑑]𝑇ℎ𝑂𝐷𝑐ℎ − 𝑆𝑠𝑢 − 𝑆𝑎𝑐              (10) 

X𝑖 = (𝐹𝑀)( 𝑇𝑆 )[𝐴𝐷𝐿 + (𝑁𝐷𝐹 − 𝐴𝐷𝐿)(1 − 𝑑) ]𝑇ℎ𝑂𝐷𝑙 − 𝑆𝑠𝑖                                                (11) 

7.2.2 ADM1 parameters and implementation 

In this study, ADM1 was used to simulate the anaerobic digestion of agricultural substrates 

based on literature-reported parameters. ADM1 parameters include kinetic, stoichiometric and 

physicochemical parameters. Kinetic parameters were determined through an extensive 

literature survey across 83 studies implementing ADM1 to understand the variability of each 

parameter. The survey was limited to studies considering mesophilic temperature conditions. 

Table 7.4 presents a summary of the surveyed parameters with all substrate types grouped 

together. A detailed description of the parameters associated with individual substrates is 

provided in the appendix E, Table 10.20. 
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Table 7.4: Summary of the surveyed kinetic parameters used for sampling during the 

simulation.  

Parameter a Reference 

Count 

Min Mean   Standard 

deviation 

Max 

First order constants 

for disintegration & 

hydrolysis 

khyd,dis 63 0.001 0.71 1.14 5.6 

khyd,ch 52 0.002 2.49 3.49 10.01 

khyd,pr 54 0.001 2.05 3.99 18.23 

khyd,li 44 2.80 x 10-5 1.98 3.51 10.01 

Monod maximum 

specific uptake rate 

km,su 24 6 37.6 31.64 125 

km,aa 16 2.2 36.29 16.14 53 

km,fa 21 0.9 5.09 3.97 14 

km,c4+ 32 5 17.97 10.81 60 

km,pro 36 0.16 12.92 17.24 100 

km,ac 63 0.3 10.74 9.81 45.02 

km,h2 19 1.68 32.63 19.33 88.89 

Half saturation 

constants (HSC) 

KS,su 21 0.02 0.69 0.96 4.5 

KS,aa 13 0.01 0.34 0.24 0.9 

KS,fa 16 0.02 1.31 2.43 9.21 

KS,c4+ 22 0.01 0.4 0.66 3.3 

KS,pro 32 0.01 0.25 0.36 2.1 

KS,ac 41 0.01 0.27 0.42 2.5 

KS,h2 22 1.00 x 10-6 3.22 x 10-5 2.73 x 10-5 9.00 x 10-5 

First order decay 

rates 

kdec,Xsu 5 0.001 0.02 0.03 0.07 

kdec,Xaa 5 0.001 0.02 0.01 0.02 

kdec,Xfa 8 0.001 0.01 0.01 0.02 

kdec,Xc4+ 7 0.001 0.02 0.01 0.03 

kdec,Xpro 7 0.001 0.01 0.01 0.02 

kdec,Xac 13 0.001 0.03 0.03 0.13 

kdec,Xh2 6 0.001 0.01 0.01 0.02 

Yields of biomass on 

substrate 

Ysu 14 0.01 0.09 0.04 0.17 

Yaa 9 0.08 0.08 0.01 0.1 

Yfa 10 0.05 0.06 0 0.06 

Yc4 10 0.02 0.06 0.01 0.07 

Ypro 10 0.02 0.04 0.01 0.06 

Yac 16 0.03 0.05 0.02 0.1 

Yh2 9 0.01 0.07 0.05 0.19 

Half saturation 

constant (nitrogen) 

KS,NH3,all 5 1.00 x 10-4 1.02 x 10-4 4.47 x 10-6 1.10 x 10-4 

Hydrogen inhibition 

constants 

KI,H2,fa 6 5.00 x 10-8 3.35 x 10-6 2.55 x 10-6 5.00 x 10-6 

KI,H2,c4+ 9 1.00 x 10-8 6.02 x 10-6 4.56 x 10-6 1.00 x 10-5 

KI,H2,pro 12 2.40 x 10-8 2.85 x 10-6 2.94 x 10-6 8.00 x 10-6 

KI,NH3 14 2.60 x 10-4 4.68 x 10-3 5.86 x 10-3 2.23 x 10-2 
a Acronyms and units are provided in the appendix E, Table 10.21. 

Regarding stoichiometric parameters, values for the main stoichiometric parameters (composite 

particulate conversions fch,XC, fpr,XC, fli,XC, fXi,XC, fSi,XC) were determined for each of the 

agricultural substrates according to their chemical composition as detailed above. The 

remaining stoichiometric coefficients were taken from the literature [28,45,60,61], as they were 

generally known to have limited variability in anaerobic systems [24]. For physicochemical 
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parameters, all values of equilibrium coefficients and constants were taken from benchmark 

simulation model no.2 (BSM2) [62] without any modification.  

ADM1 was implemented using MATLAB R2019b (The Mathworks, Nattick, MA), and the 

implementation was validated by comparison to the results obtained in BSM2 [62]. The targeted 

digester model in this study is a continuous digester with a working volume of 7 m3 and a 

headspace of 3 m3 for gas production and collection. The digester was assumed to be operated 

in mesophilic temperature conditions of 35 °C and a hydraulic retention time of 40 days. The 

valve resistance was set (125 m3.d-1.bar-1) to ensure pressure was maintained in the reactor. 

In this study, the effect of organic loading rate (OLR) on biogas production was firstly evaluated 

based on cow manure digestion. The effect of varying OLR on the biogas yield and methane 

yield was evaluated at OLR of 0.5, 1.0, 1.5, 2.0 and 2.5 kgVS.m-3.d-1. Then a single OLR was 

chosen as a steady-state value to start all the following simulations from the same loading rate 

as the reported biogas yield and methane content was based on a steady-state value. This was 

considered reasonable for comparison of different substrate feeding combinations with manure 

as the main substrate. At the start-up of each simulation, the ADM1 benchmark simulations 

steady-state outputs were utilized as initial values for ADM1 [62]. 

7.2.3 Uncertainty analysis using the Monte Carlo method and GMM approximation 

7.2.4 Monte Carlo method 

The ADM1 implementation in MATLAB was used in combination with a Monte Carlo (MC) 

method by running ADM1 repeatedly using randomised kinetic parameters (see, appendix E, 

Table 10.22). An estimated probability distribution of biogas- and methane-yields were 

generated through repeated sampling (10 000 MC runs) from a distribution of the kinetic 

parameters (Table 7.4) while maintaining fixed substrate compositions. The distribution of 

kinetic parameters was obtained by compiling all published values into a domain that represents 

the range of literature values, and the parameters were uniformly and independently sampled 

from this domain. For each MC run, ADM1 was executed with the sampled kinetic parameters 

and the process was allowed to reach a steady state. The input parameters and simulation results 

were collected in an input and output matrix table for each of the randomised set of parameters 

at the end of each MC run and used for evaluation of the targeted outputs. 

All five agricultural substrates namely, cow manure (CM), maize straw (MS), rice straw (RS), 

cabbage residues (CR), and potato peel (PP) were first assessed on an individual basis for biogas 

production potential using ADM1, after which a range of co-digestion scenarios that favour 

biogas production was evaluated. The co-digestion scenarios were based on agricultural residue 
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availability in the smallholder farming system in the KwaZulu-Natal and Limpopo provinces 

of South Africa and the Vakinankaratra province of Madagascar. All scenarios except those 

with rice straw are considered for South Africa, while all scenarios except those with cabbage 

residues are considered for Madagascar.  

7.2.5 Gaussian mixture model approximation 

After the MC runs were completed, a Gaussian mixture model (GMM) was used to fit a 

probability distribution to the generated outputs using MATLAB. The GMM is a widely used 

and versatile statistical models that employ a technique of a weighted sum of Gaussian 

component densities to fit the data [63,64]. By fitting the most important model outputs (biogas 

yield, quality, etc) using a GMM, subsequent studies such as probabilistic techno-economic 

analyses can sample directly from the fitted distribution, bypassing the need to rerun 

computationally expensive technical simulations. 

In the GMM approximation, output distributions can be represented as a weighted sum of 

normal distributions with distinct variances and means. The weights of each component are 

equal to the marginalized probability of each component in the mixture model [65]. At each 

substrate composition, the initial GMM components were obtained using k-means clustering 

[66]. First, the number of mixture components k were varied. For each value of k, the GMM 

parameters were initialized based on k-means clustering. Then, the Akaike’s Information 

Criterion (AIC) was calculated for each value of k, and the number of components k 

corresponding to the lowest AIC was selected for the estimated model.  

 Results and Discussion  

Substrate type was accounted for in the simulations through the inlet particulate composite 

concentration (XC) and stoichiometric coefficients fpr_Xc, fch_Xc, fli_Xc and fXi_Xc. These have a 

considerable impact on model predictions and gas compositions. For these purposes, careful 

characterization of substrate specific parameters is crucial in using the model as an analysis and 

decision-making tool for biogas generation from selected agricultural substrates. Table 7.5 and 

Table 7.6 provide an overview of the calculated values of the parameters utilized in ADM1 for 

each substrate based on the calculations described in section 7.2.1.  
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Table 7.5: Inlet concentration and stoichiometric parameters used in the modelling for solid 

agricultural substrates. 

Parameter Description Unit  Cow 

manure 

 Maize 

straw 

Rice 

straw 

Potato 

peel 

Cabbage 

residues 

XC Particulate 

composites  

[kg 

COD 

m-3]  

115  1062 1055 136 108 

fpr,xc Protein fraction 

from composites 

[-] 0.117  0.125 0.153 0.031 0.339 

fli,xc Lipid fraction 

from composites 

[-] 0.063  0.007 0.004 0.018 0.000 

fch,xc Carbohydrates 

fraction from 

composites 

[-] 0.315  0.271 0.669 0.408 0.561 

fxi,xc Particulate inert 

fraction from 

composites 

[-] 0.505  0.597 0.174 0.544 0.100 

DVS  Degradation 

level 

[%] 49.5  40.33 45.65 82.6 90 

Table 7.6: Inlet concentrations used in the modelling of cow manure.  

Parameter Description Unit  Value Source  

Ssu Monosaccharides [kg COD.m-3] 12.42 a 

Saa Amino acids [kg COD.m-3] 3.10 a 

Sfa Total LCFA [kg COD.m-3] 0.92 a 

Sac Total acetate  [kg COD.m-3] 0.00 a 

Xch Carbohydrates [kg COD.m-3] 18.74 a 

Xpr Proteins [kg COD.m-3] 10.68 a 

Xli Lipids [kg COD.m-3] 14.27 a 

Xi Particulate inert [kg COD.m-3] 48.27 a 

Si Soluble inert [kg COD.m-3] 6.55 a 

SIC Inorganic carbon [kmole C.m-3] 0.095 b 

SIN Inorganic nitrogen [kmole C.m-3] 0.168 b 

San Anions [kmole C.m-3] 0.0052 c 

a Calculated from substrate chemical composition Table 7.1; b Calculated by [45] for fresh cattle manure and c Default value. 
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7.3.1 Effect of organic loading rate 

Figure 7.2 pesents the ADM1 steady-state simulation results for biogas and methane yields for 

the digestion of cow manure at different OLRs. The cumulative probability density graphs used 

in Figure 7.2 and throughout the remainder of the paper represent the distribution of biogas- 

and methane-yields while accounting for uncertainty in the kinetic parameters, generated using 

10 000 MC runs. From Figure 7.2, it can be noticed that an increase in the OLR resulted in a 

decrease in the mean biogas and methane yields over the range investigated.  The simulated 

results were in good agreement with previous studies where increasing OLR decreased biogas 

production [67–69]. Zhou et al. [40] conducted a literature search on biogas generation from 

cow manure and found biogas yields in the range 380-520 NL.kg-1 VS (adopted to the VS here 

of 8.31%) for OLRs of 1-3 kgVS.m-3.d-1. This confirmed that the conducted simulation result 

of the manure is in good agreement with the biogas yield found in the literature.  

During the simulation, the methane yield decreased with the increase in ORL. Luna-del Risco 

et al. [70] conducted extensive BMP tests and reported results of 238+42 NL.kg-1 VS methane 

yield for cow manure which corresponds very well with the methane yield (202-

234 NL.kg-1 VS) obtained in this study. Zhou et al. [40] conducted a literature search on 

methane content from cow manure and found methane content range between 52.53 and 

67.66%. This range corresponds well with our simulated experiment that predicted 53.45% 

methane content on average. Thus, it can be concluded that the simulated results obtained in 

this study are in good agreement with the values reported in the literature. 

An organic loading rate of 2.0 kgVS.m-3.d-1 was chosen as a steady-state value to start all the 

following simulations from the same loading rate. A relatively narrow uncertainty band is 

achieved at OLR of 2.0 kgVS.m-3.d-1 for both biogas and methane yields. Adebayo et al., [69] 

conducted a long time experiment (140 days) for OLR in the range of 1 - 5 kgVS.m-3.d-1 in 

increments of 0.5 using cow slurry and reported stable condition at an OLR of 2.0 kgVS.m-3.d-1, 

which is comparable. Furthermore, the OLR was chosen based on the fact that a small-scale 

anaerobic digester without a mixer should be adjusted to a solids content of 5% to 10% with an 

OLR not greater than 2 kgVS.m-3 to avoid the dilution effects on the yields of biogas to achieve 

the optimum performance [71–73], as too little TS will decrease potential gas yield and too 

much TS can lead to clogging of pipes. 
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Figure 7.2: Cumulative probability density of biogas and methane yields at different organic 

loading rates (kgVS.m-3.d-1) for cow manure. 

7.3.2 Anaerobic digestion of agricultural substrates 

A series of MC runs were conducted to propagate the model uncertainties and generate biogas- 

and methane-production probability distributions; the probability distributions were used to 

compare different mono- and co-digestion strategies.  The biogas production potential of all the 

five agricultural substrates namely, cow manure (CM), maize straw (MS), rice straw (RS), 

cabbage residues (CR), and potato peel (PP) were assessed both on an individual basis and in 

combination. Table 7.7 defined the feeding rates for the possible substrate combination 

scenarios by keeping the OLR constant at 2.0 kg VS.m-3.d-1. Thirty-one substrate combination 

scenarios were investigated, including 5 mono-substrate and 26 co-substrate digestion 

scenarios.  
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Table 7.7: Input substrates simulation scenarios and their specifications. 

Condition  Scenario Cow 

manure 

Maize 

straw 

Rice 

straw 

Potato 

peel 

Cabbage 

residue 
 

No. [%]a [%]a [%]a [%]a [%]a 

Mono-digestion  1 100 0 0 0 0 

2 0 100 0 0 0 

3 0 0 100 0 0 

4 0 0 0 100 0 

5 0 0 0 0 100 

Co-digestion  6 70 10 0 10 10 

7 70 0 0 10 20 

8 50 30 0 10 10 

9 70 30 0 0 0 

10 50 50 0 0 0 

11 30 0 70 0 0 

12 50 0 50 0 0 

13 70 10 10 10 0 

14 70 0 30 0 0 

15 50 10 30 10 0 

16 50 20 20 10 0 

17 50 20 30 0 0 

18 25 25 25 25 0 

19 30 0 20 50 0 

20 30 0 35 35 0 

21 30 0 0 70 0 

22 50 0 0 50 0 

23 33 0 33 33 0 

24 50 0 20 30 0 

25 30 20 0 50 0 

26 70 20 0 0 10 

27 30 0 0 0 70 

28 30 10 20 40 0 

29 70 10 0 0 20 

30 60 10 0 0 30 

31 40 0 20 40 0 
a Percentage of weight. 

7.3.3 Individual substrate study (mono-digestion case)  

The final steady-state results of the simulation and collected literature data are presented in 

Figure 7.3. A literature survey of biogas- and methane-productivity was conducted to verify the 

simulated results. The literature reports on the biogas and methane yield of cow manure 

[1,40,43,69,70,74–84], maize straw [47,48,85–94], rice straw [1,51,76,84–86,91,95–100], 

potato peel [53,55,75,80,85,91] and cabbage residue [55,75,84,91,99] were utilized for the 

comparison. From Figure 7.3, it can be seen that the collected literature data give a range of 

reasonable values accordingly, even though the literature values for methane yield vary 

significantly. This variation can be attributed to several factors including, but not limited to, 

discrepancies in substrate characteristics, measurement methods and operation conditions 

[1,40].  
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Overall, the simulated results obtained in this study fell into a plausible range of methane yields 

found in the literature, with few exceptions such as maize straw mono-digestion. From Figure 

7.3, it can be seen that the correlation between simulation results and literature values is 

satisfactory for cow manure, rice straw and cabbage residues. The comparability of other 

simulation results and literature values are not satisfactory.  

In the case of potato peel, the simulation results predicted slightly higher methane yield than 

literature values, possibly because of unmodelled inhibitory effects that may occur during 

digestion. Liang et al. [101] conducted potato peel fermentation for methane production and 

reported that acetic acid was the most dominant volatile fatty acid (VFA), followed by propionic 

and butyric acids. However, according to Liang et al. [101] the produced acetic acid was used 

up quickly, while other VFAs were transformed slowly and displayed a slight substrate 

inhibitory effect. In the case of maize straw, the simulation results underpredicted the methane 

yield and do not correspond well with the literature values. This could be due to inhibition 

phenomena linked to the difficult substrate degradation (e.g., slowly degradation of recalcitrant 

compounds, such as lignin and cellulose that are not readily transformed to biogas during AD) 

that the model overpredicts. This is directly linked with disintegration and hydrolysis steps in 

ADM1, which are a rate limiting step for AD of solid substrates. A higher total solids content 

of complex solid substrate like dry maize straw can lead to process inhibition because of volatile 

fatty acids build-up, indicating lower process efficiency in terms of the degradation of volatile 

solids, specific methane generation rate and final methane yield [102]. However, a wide 

uncertainty band is observed in the mono-substrate digestion of manure, potato peel and 

cabbage residue compared to straws (both maize and rice). All these different behaviours that 

can be associated with the nature of the substrate type and may impact subsequent analysis. 

Overall, however, the model tends to underpredict methane yield (with the exception of potato 

peel residue), which will lead to a model that is conservative in terms of biogas production. 
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Figure 7.3. Comparison of methane yield of the simulated mono-substrate data (10 000 samples) 

with literature reported values. 

7.3.4 Mixed substrate interaction study  

The co-digestion of manure with the evaluated substrates performed well, as all the evaluated 

substrate mixtures produced greater than 50% mean methane content. The highest methane 

contents were obtained in the presence of straws in low proportion. The highest mean methane 
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content (~59%) was obtained when 70% manure was co-digested with 30% straw, followed by 

a mean methane content (~58%) obtained when 70% manure was co-digested with 10% straw 

and 20% cabbage residues as displayed in Figure 7.4. The lowest mean methane content (51%) 

was obtained when potato peel was digested as mono substrate with a greater than 92% 

probability of obtaining a methane content of higher than 51%. Results demonstrated that co-

digestion yields an improved mean methane content compared to the methane produced from 

mono-digestion of each substrate up to 8%. These results support the known fact that co-

digestion of manure with carbohydrate-rich substrates improves methane content.  

 

Figure 7.4. Effects of different substrate combinations on methane content (10 000 samples). 

The methane yield strongly depends on the utilized co-substrates, as presented in Figure 7.5. 

Manure combinations with potato peel and cabbage residues performed better than their 

corresponding manure combinations with straws and manure mono-digestion without 

decreasing methane yield, with the added benefit of reducing the manure requirement. The 

combinations of straws with manure or manure and other bio-wastes (potato peel or cabbage 

residues) significantly decreased the yields, especially when the straw fractions are increased 

to higher than 20-30%. This is most probably due to inhibitors linked to the recalcitrant 

lignocellulosic structure (slow degradable or non-biodegradable) of straw, which limits its 

decomposition and acid production by affecting the growth of microorganisms and microbial 
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degradation efficiency in anaerobic digestion if added in amounts greater than 20-30%. 

However, a minimization of the manure fraction with up to 20% straws generated good biogas 

quality (highest methane content) with comparable biogas and methane yields compared to the 

mono-digestion of manure and higher than mono-digestion of straws. Furthermore, a relatively 

narrow uncertainty band is achieved in the presence of straws in the entire co-digestion 

experiments for both biogas and methane yields. These results suggest that straws compensating 

for up to 20% of the manure fraction can improve biogas quality without significantly 

decreasing biogas and methane yields. This phenomenon can be attributed to the addition of 

organic total solids via combination with straws compared with manure alone.  

 

Figure 7.5. Effects of different substrate combinations on methane yield (10 000 samples). 

An average biogas yield of 363 NL.kg-1VS and an average methane yield of 201 NL.kg-1VS 

was achieved for all scenarios. These values are higher than those obtained for mono-digestion 

of straws and lower than those for potato peel and cabbage residues. This is likely because of 

synergistic effects which improved the nutrient composition balance and positive synergisms 

in the digestion medium when manure was co-digested with straws. The predicted simulation 

results reproduced the known fact that a higher proportion of straws leads to lower biogas yield. 

These results suggest that straw is not useful as a primary feedstock or to completely replace 

manure. This being said, crop straws showed promise as a co-substrate with manure or as a 
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third co-substrate with both manure and potato peel or cabbage residues. Therefore, it can be 

assumed that straws can, to some extent decrease the manure requirement and still result in 

adequate biogas yield provided that the straw fraction is added at a relatively low level. Straws 

can be added up to 20-30% when supplemented with manure or manure and potato peel/cabbage 

residues and produce high methane yields without affecting the performance of the reactors. 

Riya et al. [50] reported up to 25% rice straw mixed with animal manure per day with stable 

digester performance, which is in good agreement with this study. Thus, this study suggested 

co-digestion of carbon-rich straws with higher quantities of manure or other easily 

biodegradable organic matter to achieve favourable conditions for successful methane 

generation. 

7.3.5 Distribution of methane flow profiles using GMM approximation 

The histograms and probability density distributions of methane flow profiles were generated 

for all substrate combination scenarios (both mono- and co-digestion). Figure 7.6 shows 

representative methane flow distributions with multiple local maxima of the probability density 

function, fitted using a GMM. A unique univariate GMM was fit for the methane production in 

each individual scenario (Table 7.7). The main parameters of GMM components for all 

scenarios are presented in the Appendix E, Table 10.23.  

The GMM fitted methane distribution can be used in techno-economic feasibility assessments.  

The advantages of using the GMM fitted data in techno-economic assessment are to explicitly 

account for uncertainty as well as to avoid an expensive subsequent MC simulation of the 

technical model multiple times in techno-economic assessment, as one can simply sample 

results from the distribution. 
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Figure 7.6. GMM fitted probability distribution of methane flow (10 000 samples) at different 

scenarios. 

 Conclusion  

The reliability of simulation results remains a major concern in predictive modelling, 

particularly when complex flexible models such as ADM1 are required. This research 

demonstrated the advantages of using uncertainties in measured- or literature-values to provide 

probabilistic predictions, which we believe to be far more informative than point estimates. 

These probabilistic results can be propagated to subsequent models, with techno-economic 

assessments being of particular interest. However, it remains important to perform qualitative 

and/or quantitative evaluations of the model results.  

In the current investigation, simulation results were well supported by past studies both in terms 

of the current qualitative understanding of AD processes as well as quantitative results from 

experimental investigations in mono-digestion. It would not be feasible to experimentally 

evaluate the range of substrate combinations of interest but, using the modelling approach, the 

most suitable combinations could be readily identified. Although efforts were made to explicitly 

estimate model uncertainty, it remains prudent to perform confirmatory experimental 

investigations using some optimal subset of substrate combinations. At the same time, the value 
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of the simulations as a screening tool should not be underestimated. It is worth noting that the 

predicted methane flows are in many cases multimodal. The multimodality in the data would 

not be recognised if a deterministic approach was followed in simulating the anaerobic 

digestion process: using single parameter values from literature would result in point estimates 

of methane flow (and other simulation outputs). These point estimates may correspond to any 

of the modes in the predicted probability distribution, either leading to an underestimate of 

bioenergy potential, or an overly confident high estimate. However, viewing the full probability 

distribution for the model results enables informed decision making. Furthermore, the Gaussian 

Mixture Model results for co-digested substrates can be applied in subsequent techno-economic 

feasibility analyses to account for uncertainty in biogas production without the need to 

repeatedly rerun the relatively computational expensive ADM1.  

Despite years of research, anaerobic digestion remains a very difficult process to characterize, 

model, and design. We strongly recommend more effective use of detailed models such as 

ADM1 while recognising issues associated with parameter uncertainty and model credibility.  

Careful substrate analysis, the combination of parameter values from a wide range of literature 

sources to predict probability distributions of key outputs (as opposed to point estimates), and 

the validation of model outputs using existing results where possible can significantly improve 

model credibility and support informed decision making in this critical sector. 
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Chapter 8  

8. Probabilistic techno-economic assessment of anaerobic digestion predicts 

economic benefits to smallholder farmers with quantifiable certainty 

This article was published in the Elsevier journal: Waste Management.  
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assessment of anaerobic digestion predicts economic benefits to smallholder farmers 

with quantifiable certainty. Waste Management 138 (2022) 8–18. 
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This study was aimed to develop a techno-economic assessment tool that enables to 

assess the potential of small-scale anaerobic digestion system to identify economically 

feasible solutions for smallholder farmers with an emphasis on the interactions 

between water, energy and food nexus, and evaluate the financial- and broader 

economic benefits for major stakeholders. The usefulness of the tool was demonstrated 

using the finding results obtained in Chapter 4, 6 and 7 on two case study areas in the 

South African smallholder farming systems. 
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Abstract  

Anaerobic digestion (AD) technology holds numerous potential benefits for farmers; however, 

challenges persist in terms of implementation costs and sustainability in developing countries. 

This paper presents a probabilistic techno-economic assessment tool for AD. A clear distinction 

is made between direct financial feasibility and wider (socio) economic feasibility. The tool 

identifies the technical- and economic factors influencing the returns of a particular AD process 

as well as the sensitivity of model predictions to variations in the value of the identified factors 

using a Monte Carlo approach. The tool is applied to assess the feasibility of a smallholder 

farm-based AD installation under a variety of substrates and operating conditions as an 

illustrative case study, where on-going flows of costs and benefits were considered over a 

15-year period and discounted at a rate of 8%. The results of the case study revealed that the 

installation of a 10 m3 smallholder farm-based anaerobic digester are likely to be financially 

and economically viable with a financial benefit-cost ratio of 1.30-1.38 and an economic 

benefit-cost ratio ranged from 5.49-6.01. Risk assessment results confirmed the strong 

economic feasibility of a smallholder farm-based AD implementation: under the most 

conservative cost estimates, there is a 73% probability of achieving a financial benefit-cost ratio 

>1, while there is a 96.6% probability of achieving an economic benefit-cost ratio >1. The case 

study demonstrated the utility of probabilistic techno-economic assessments for informed 

decision making, a tool which can be readily generalized to other settings. 

Keywords: Anaerobic digestion, Cost-benefit analysis, Economic feasibility, Smallholder 

farming, Techno-economic analysis, Water-Energy-Food nexus 

 Introduction  

Anaerobic digestion (AD) is well established and recognized as a robust technology to 

transform biomass and organic wastes to bioenergy and biofertilizer [1], which provides 
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multiple benefits across the water, energy and food (WEF) domain. In settings where disposal 

of excess biomass is required, small-scale AD avoids the expenditures and emissions related to 

the incineration of biomass or landfill, and thereby aids in decreasing the environmental impact 

of waste disposal by utilizing the embedded water, energy and nutrients in biomass [2]. In an 

agricultural context, where biomass may be produced in excess during certain production 

cycles, incineration of biomass such as agricultural residues results in an effectively loss of 

nitrogen through volatilization during combustion [3]. Improved nutrient recycling would be 

attained through composting, however, composting does not have the co-benefit of producing 

biogas as an energy source, whereas AD allows the provision of both energy and nutrient 

recycling efficiently. 

Compared to direct burning and composting, AD offers both clean fuel and organic fertilizer, 

rather than simply one or the other, with additional co-benefits. Biogas produced through AD 

is a clean energy source that can be used to substitute wood, dung, crop residues and other 

locally collected fuels conventionally used in rural households for cooking and heating 

purposes [4]. It also fully avoids the risks associated with the use of conventional biomass 

energy sources such as chronic respiratory and ocular health impacts, and the cooking and 

cleaning time saved due to the replacement of conventional biofuels enables other important 

income-generation activities to be undertaken [3,5]. Digestate derived from AD offers 

affordable organic fertilizers for farmers or a substitute for mineral fertilizers, thereby avoiding 

the expenditure, resources and emissions related to their use and production [2,6]. If the 

digestate is applied properly, it also benefits soil structure and water retention on agricultural 

land and supplies nutrients to the crop, thereby reducing the environmental implications of food 

production and contributing positively to water and land management [2,3,6]. Additionally, 

charcoalization of the fermentation residues from the AD plants can be used as solid biofuels 

[7], or as a sorbent to capture phosphorus [8]. 

Despite the benefits and documented evidence of several successful implementations of AD 

technology worldwide, the rate of implementation of AD remains low in rural households in 

Africa, particularly in smallholder farming systems where it was hoped to have an impact 

[3,9,10]. This is partly related to a high methodological variation due to a lack of well-defined 

procedures or frameworks of a techno-economic assessment (TEA) in literature for AD 

sustainability analysis [1,11], particularly for small-scale farm-based AD. This leads to 

difficulties in drawing a generic conclusion over the economic viability and the comparison of 

different technological aspects [11]. A systematic economic evaluation that integrates both 
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technical and economic performance is key, as the feasibility is the main hurdle hampering the 

development of small-scale AD implementation [1,12]. 

A techno-economic assessment (TEA) can be classified into four different phases [13]. The first 

phase is a market study, which includes market perspective information gathering. The second 

phase is technological assessment, a process flow diagram and mass and energy balance. In the 

third phase, the technical assessment information is integrated into an economic assessment. In 

the fourth phase, the sensitivity analysis is included to allow the users to check or identify the 

potential barriers of the investment understudy and compare different concepts. 

A tailor-made TEA tool which incorporates uncertainty while also expressing indirect benefits 

in monetary terms, can be useful to evaluate the feasibility of AD technology for smallholder 

farmers. Small-scale ADs are characterized by high initial investment costs (cost of digester & 

its installation) and some operation and maintenance costs  [3,14]. The scale and complexity of 

AD investments mean that using a TEA tool can help ensure that the entire investment scope is 

considered and assessed correctly [15]. A TEA has the potential to be an integral tool to support 

decision-makers in directing research and development.  

However, there is an absence of TEA tools on AD for biogas and digestate production, 

especially in a smallholder farming system context in addressing all three resources of the WEF 

system together, and most tools cannot be modified to the particular conditions and economic 

characteristics of the respective project locations [16]. Framing AD technology as only 

contributing to energy-associated objectives affects technological pathways, decreasing the 

potential of the technology to perform against social, economic and environmental objectives 

across the nexus domain [2,17]. In using a farm-based AD system, it is essential to assess the 

trade-off resulting from the interactions within the WEF nexus. Small-scale AD is at the centre 

of the WEF nexus in providing clean and renewable energy for households and biofertilizer for 

food production, but its operation requires water to attain the optimum solids content for AD 

operation, which might compete with other water requirements within the smallholder system 

[3,18].  

The interlinked nature of WEF resources has resulted in rising momentum to change the 

approaches for effectively managing these interlinked resources to achieve a sustainable supply 

[19]. There is a need for an integrated model framework that capturing the interactions between 

these resources at an end-use level at a household scale, particularly where one or more of the 

nexus elements involved. This could be done to devise strategies that minimize the quantity of 
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waste, foster efficient use of energy and water in the process of food production, as well as 

reduce pollution externalities and create opportunities from recycled energy and nutrients 

simultaneously [20].  

The study aims to assess the potential of small-scale AD considering the context of WEF nexus 

to identify economically feasible solutions for smallholder farmers and evaluate the financial- 

and broader economic benefits for major stakeholders.  

 Materials and Methods 

8.2.1 A TEA tool for smallholder farm-based AD 

To develop the techno-economic study, first, an initial assessment of the overall technical 

aspects and information gathering that will be required as inputs in subsequent steps was 

conducted and used to define the broader scope of the technology development. This step also 

provided information regarding the associated costs and benefits from a market study. The 

second step included the development of a process flow diagram (PFD) and the calculation of 

mass- and energy balances, forming the technical backbone of the assessment [11].  

In the third step, the technical analysis was integrated with the financial- and economic-analyses 

and performance indicators were determined based on the primary technological parameters. 

The financial and economic assessment aspects were distinguished, with the former including 

only direct financial costs and benefits (out-of-pocket costs or savings) and the latter assessing 

all economic impacts of a project, wider social (economic) benefits that do not add directly or 

exclusively to the concerned household and that are more difficult to quantify [12]. For a WEF 

nexus project, Endo et al. [22] suggested a cost-benefit analysis (CBA) method to clearly 

consider the trade-offs in a particular region where one or more of the nexus elements will be 

involved. Accordingly, the financial and economic viability of the smallholder AD system in 

the WEF nexus were appraised using standard CBA principles [23], and the most common 

decision-making feasibility indicators including net present value (NPV), internal rate of return 

(IRR) and benefit-cost ratio (BCR), were calculated based on eqns (1)-(4), appendix F. These 

indicators were separated into the financial and economic indicators, for example, the internal 

rate of return (IRR) was expressed both as the project’s financial rate of return (FRR) and 

economic rate of return (ERR), with the former representing the financial profitability of the 

project from a private investors’ perspective and the latter reveals its socio-economic benefits 

for the whole society [23]. The economic performance indicators were calculated following 
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similar procedures and formula with financial indicators, except that the economic indicators 

include socio-economic costs and benefits in addition to financial costs and benefits. 

For any financial and economic assessment, the selection of a suitable discount rate is crucial 

as this can have a great impact on the final result. The financial discount rate (FDR) is 

considered to be the opportunity cost of investment, while the social discount rate (SDR) is 

based on a social view of how present costs and benefits are valued compared to those which 

will be experienced in the future at some point [23]. Yet, there is no formal consensus between 

scholars on the applicable rates [24]. For this study, it was assumed that an SDR would be of 

greater value due to its utility in economic analysis (as opposed to purely financial analysis). It 

is therefore suitable to utilize the same discount rate (SDR) during the course of the assessment. 

To perform the CBA, a discounted rate of 8% was used to discount the impacts (the cash flows) 

as proposed by Mullins et al. [25] to be used in the South African context. This 8% SDR would 

be appropriate for the current study in recognition of the controversy surrounding the use of an 

appropriate discount rate. The 8% rate is recognized as being greater than the suggestion of 

Lottering [26] to use 6.72%, but less than the suggestions of the World Bank to use the social 

discount rate of 10% for investment projects in South Africa as cited in [25,27]. Furthermore, 

from an investment perspective, either by the private sector or the government this discount 

rate is deemed appropriate, as that government and private sector take long term views on 

development. 

The fourth step included the risk analysis step, sensitivity analysis and the following risk 

assessment steps proposed by Florio et al. [23] were used. An extended range of sensitivity 

analysis was carried out to assess how changes in key variables might influence the results in 

comparison to the base case scenarios. The sensitivity analysis was carried out for both 

conservative and optimistic cases by assigning the lower and upper values to all uncertain 

variables and the performance indicators were recalculated for each combination [28]. These 

were conducted in two ways: one-variable-at-a-time or partial sensitivity analysis, and scenario 

analysis. One-variable-at-a-time sensitivity analysis involves varying the value of one variable 

(each cost and benefit one by one) and checking the impact on the performance indicators. In a 

scenario analysis, the combined impact of sets of variables (all costs and benefits) are evaluated 

simultaneously. A combined 10% variation was considered [11], which implies that a variation 

in all the cost and benefit of 10% to either side is introduced. A Monte Carlo (MC) method was 

used to proceed with the calculation of the probability distributions of the expected values of 

the performance indicators during the risk assessment [23].  
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8.2.2 Selection and description of case study areas 

The case study areas chosen to demonstrate the tool are Jozini and Thulamela Municipalities in 

South Africa. The Jozini Local Municipality is located in the Umkhanyakude District 

Municipality, in the northern portion of KwaZulu-Natal (KZN) province of South Africa [29], 

while the Thulamela Local Municipality is located in the eastern most local municipality in the 

Vhembe District in the Northern part of the Limpopo province of South Africa [30]. These 

municipalities have a significant number of smallholder farmers within their boundaries. The 

majority parts of the municipalities are characterized as being rural with 89% and 85% of the 

population residing in rural areas of Jozini and Thulamela respectively, with many socio-

economic challenges [31]. Many households have limited access to development and the supply 

of basic facilities, with several households lacking adequate energy, food and water security 

[32,33]. Provision of basic amenities (e.g., water, electricity and indoor lavatories) is also 

minimal. Fuelwood is used as an energy source for cooking, water- and space-heating by 73% 

and 62% of households in Jozini and Thulamela, respectively as illustrated in Figure 8.1. 

Agriculture is the main economic activity and livelihood in the regions, with mostly mixed 

livestock and crop farming. The majority of smallholder farmers in these areas are resource-

poor and cannot afford the high costs of fertilizers as well [34]. Therefore, farmers would 

benefit considerably from the use of AD system that could offer an internal source of energy as 

well as a high-quality organic fertilizer as a means for supporting agricultural productivity (food 

production). 

 

Figure 8.1: Summary of impacts associated with AD implementation at a smallholder farming 

household level. 
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8.2.3 Description of a smallholder AD system 

In this study, a 10 m3 DIY Biobag digester was used to conduct a techno-economic assessment, 

as this technology was the preferred technology in a comparison with multiple other digester 

technologies in the context of smallholder farming households [35]. The digester was assumed 

to fed at an organic loading rate of 2 kg VS.m-3 day-1, which has been identified as near optimal 

in multiple studies [36–40].  

Three different substrate combination scenarios were assessed, as presented in Table 8.1. The 

first scenario is the base scenario which involves mono digestion of cow manure and was 

considered for both case study areas. The second scenario was selected based on biomass 

availability in the Jozini case study, while the third scenario was selected based on biomass 

availability in the Thulamela case study. The substrate combinations were selected based on 

the feedstock biogas production potential and availability [41]. The biogas and methane 

production potential of the different scenarios were estimated using a combination of Anaerobic 

Digestion Model No. 1 (ADM1) [42] and an MC method in MATLAB. The results were 

modelled using a Gaussian mixture model (GMM) to explicitly account for uncertainties [43], 

and the GMM was utilized throughout the course of the TEA.  

In addition to the AD system, this study considered integrated small-scale rainwater harvesting 

(storage facility) that can provide blue water to the farming household to avoid the problems 

related to an increased water demand for AD, particularly in the context of limited and seasonal 

water access and availability [18].  

Table 8.1: Substrate characteristics and combinations used in the case study. 

 Unit  Cow manure 

(CM)  

Maize straw 

(MS) 

Cabbage residue 

(CR) 

Properties 

  Total solids (TS) [%] 9.83 91.06 9.00 

  Volatile solids (VS) [%TS] 84.54 91.73 91.81 

Combinations per scenario 

  Scenario 1 [%] 100 - - 

  Scenario 2 [%] 70 20 10 

  Scenario 3 [%] 65 10 25 
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8.2.4 Description of financial and economic analysis 

The financial and economic analyses included the determination of the financial and economic 

performance indicators separately. The impacts related to the implementation of the AD system 

(except outdoor environmental impacts) and contribution to WEF systems for smallholder 

farming households were considered for the assessment of costs and benefits. A clear distinction 

was made between financial and economic analyses: private investors and smallholder farmers 

are more likely to base their choices on whether an AD system will be profitable rather than 

recognising the wider economic benefits and costs, while governments and other aid 

organizations are arguably more likely to consider wider economic implications [12]. Some 

scholars argue that it is more suitable to proceed from economic evaluation for not revenue 

generating infrastructure, and even ignore calculation of financial feasibility indicators [44]. 

Table 8.2 provides an overview of the likely impacts associated with AD implementation at the 

smallholder farming household level that is captured in this study [3,4,12,45].  

Table 8.2: Summary of impacts associated with AD implementation at a smallholder farming 

household level. 

 Financial  Economic  

Cost (-) Digester  

Installation  

Biogas utilizing equipment  

Water storage tank (avoid time 

spent on collection of water) 

 Maintenance 

Financial costs plus cost of extra time 

consumed due to AD installation 

(operational costs), including: 

• Time spent on collection of feedstock 

• Time spent mixing and feeding the 

digester 

Benefit (+) Fuel costs avoided due to biogas  

Fertilizer costs avoided due to 

digestate 

Value of water after digestion for 

food production  

Medical expenditure avoided due 

to reduction in indoor air 

pollution (IAP)  

The financial value of saved lives 

(avoided funeral costs) 

Financial benefits plus 

Time-saving due to biogas 

• Collection time of firewood 

• Cleaning of utensils and cooking time 

Improved health (reduced respiratory 

illness) 

• Health-related productivity gains 

• Saved lives (reduction in IAP related 

death) 
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Monetary values for the impacts used for costs and benefits appraisal were collected mainly 

based on the literature (as detailed in the following paragraphs) and calculations, and were also 

supported by in-house survey data collected from the case study areas [41]. Historical cost data 

were updated to 2018 prices and economic situations (as survey data was collected in 2017/18) 

based on the consumer price index (CPI) as shown in eq. 1 [46,47]:  

Price(Year2) =
CPI(Year2)

CPI(Year1)
Price(Year1)                                                             (1) 

Biobag10 digester kit cost and corresponding construction costs were drawn from Muvhiiwa et 

al. [48]. Costs for Biobag includes the digester, gas pipes and fittings, in-line gas pressure pump, 

desulfurizer, safety valve and moisture trap [49]. The lifetime was taken as 15 years, in line 

with supplier specifications and material properties [49,50]. Material and labour required to 

construct a typical sized 10 m3 Biobag digester are outlined in Table 8.3. For a smallholder 

household, a cheaper type of biodigester can be constructed if cement can be obtained and 

bricks can be moulded locally. The financial cost of domestic single plate biogas utilizing 

burner equipment was drawn from a comparable study [45]. Material and labour cost for 

construction of a 30 m3 water storage tank was drawn from Kahinda et al. [51]. The financial 

cost of operating a digester was assumed to be zero, as the costs involved are the labour costs 

to operate the digester and the collection of feedstock that have little or no financial costs related 

to them [4]. The cost of time spent to feed and maintain the digester was considered as economic 

costs, and the mean time spent to collect substrate and feed the digester was calculated based 

on comparable experiences from relevant literature [45]. 

Table 8.3: Construction materials required to construct typical sized 10 m3 Biobag digester 

[49]. 

 Item  Unit  Value  

Materials Biobag digester kit  m3 10 

 Bricks (large) number  1,500 

 Cement  bag  15 

 Concrete mix m3 1,5 

 River sand  m3 1,0 

 Building sand  m3 1,5 

 Plaster sand m3 2,0 

 COPROX sealant l 5 

Labour  Digging  man days  - 

 Mason man days  - 

 Construction  man days  - 
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Table 8.4 presented the assumptions, coefficients and process data utilized in the analysis. It 

was assumed that the generated biogas can be used for the replacement of the most used 

traditional fuels such as firewood and kerosene. About 80% of produced biogas would be 

utilized for substituting firewood and the remaining 20% for substituting kerosene used in the 

households [47,52]. Firewood and kerosene equivalents of the generated biogas were then 

computed using the calorific values and burning efficiency of these fuels. Firewood and 

kerosene prices were drawn from Damm and Triebel [53] and DOE [54], respectively. This 

indicated that biogas production would save the calculated amounts of firewood and kerosene 

(avoided fuel costs). Based on the calculated firewood equivalent, it was also assumed that the 

use of biogas will avoid indoor air pollution (IAP) associated with burning fuelwood. The 

financial and economic benefits from avoided medical expenditure, health-related productivity 

gains and saved lives due to avoided IAP as a result of substituting solid fuels with biogas were 

derived from the study conducted for rural households in the Okhombe community in 

KwaZulu-Natal province of South Africa [12]. Smith et al. [12] valued the economic value of 

saved lives using local data in the rural area of South Africa (Calculated by extrapolating IAP 

related deaths from WHO data in the rural area context for reduction proportionate to reduce 

solid fuel use and was valued as a statistical life or economic life). Expected time savings due 

to switching to biogas were drawn from comparable previous studies [4,12]. 

In addition to biogas, digestate is obtained from the AD process and can serve as an agriculture 

fertilizer. This output has the potential to make AD investment financially attractive for farming 

households by considering the costs of fertilizer may be avoided. To calculate avoided fertilizer 

costs, the mass of the digestate produced was estimated by subtracting the biogas mass 

(calculated using the composition of biogas and corresponding densities) from the feedstock 

mass (substrate plus water) [55]. The nutrient contents (total-N, total-P2O5 and total-K2O) in 

the digestate were calculated based on the composition data obtained from [56–58]. The market 

price of urea fertilizer in the smallholder farming system was obtained from the survey data and 

was used for the estimation of equivalent nitrogen content in the digestate.  

Water is an oft overlooked output of the AD system. The value of water after AD (water in the 

digestate) was estimated based on average annual irrigation water consumption of maize, 

cabbage and potatoes in South African smallholder farms context [59], assuming that the 

resulting treated material (water after AD) is applied to the farm with nutrients in the form of 

unprocessed digestate. These can avoid adverse impacts on yield, improve soil water storage 

capacity and also solve the trade-offs of biomass and water resource use for energy or food 

provision [3,60]. 
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Table 8.4: Coefficients and main assumptions used in the analysis of TEA. 

Parameter   Unit  Value 

Biodigester capacity m3 10 

Useable digester capacity  m3 7 

Retention time  days  40 

Organic loaded rate (OLR)  kgVS.m-3 day 2 

Calorific value of firewood kJ.kg-1 16000 

Calorific value of kerosene kJ.l-1 35000 

Burning efficiency of kerosene  % 80 

Burning efficiency of firewood  % 40 

Calorific value of methane kJ.l-1 35.77 

Methane leakage  (% of prod.) 10 

Firewood equivalent of methane kg.m-3 2.24 

Kerosene equivalent of methane l.m-3 1.02 

Density of methane  kg.m-3 0.72 

Density of carbon dioxide  kg.m-3 1.96 

N content in digestate  kg.kg-1 dry Wt. 0.052 

P2O5 content in digestate kg.kg-1 dry Wt. 0.042 

K2O content in digestate kg.kg-1 dry Wt. 0.043 

For the CBA, the methane production distribution data illustrated in Figure 8.2 were utilized. 

Using MC simulations, the methane production rate was randomly sampled from the previously 

fitted GMMs (see Table 8.5); each of the three considered scenarios (see Table 8.1) were 

associated with a unique GMM model of methane production rate [43]. Subsequently, the 

distributions for the financial and economic performance indicators were simulated using a MC 

method on MATLAB. In each MC run, a single value of each parameter is selected and used to 

calculate the financial and economic performance. The analysis was simulated for 100 000 trials 

for all scenarios. Sampling from a GMM (generated by simulation of ADM1 using 10 000 MC 

runs) [43], to estimate methane production decreased the computational costs associated with 

the TEA runs, as the computationally expensive technical model (ADM1) need not be solved 

for each of the 100 000 MC runs. However, the large number of MC runs ensured adequate 

coverage of the TEA parameter space. 
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Figure 8.2: Cumulative probability of methane flow for three scenarios (10 000 MC samples). 

Abbreviations: Cow manure (CM), Maize straw (MS) and Cabbage residue (CR). 

Table 8.5: Parameters of the GMM components for the substrate combination scenarios. 

 GMM Components  

Scenario Mean  Standard deviation  Weight  

100CM [3.06; 0.30; 2.65; 3.21] [0.13; 0.23; 0.31; 0.09] [0.15; 0.07; 0.13; 0.65]; 

70CM/20MS

/10CR  

[3.08; 0.79; 2.26; 2.80] [0.09; 0.11; 0.24; 0.17] [0.60; 0.08; 0.18; 0.15] 

65CM/10MS

/25CR 

[3.03; 0.74; 3.42; 0.92; 

2.53; 3.31] 

[0.17; 0.11; 0.06; 0.64; 

0.23; 0.09] 

[0.14; 0.06; 0.22; 0.01; 

0.09; 0.47] 

Abbreviations: Cow manure (CM), Maize straw (MS) and Cabbage residue (CR). 

 Results and discussion 

8.3.1 Techno-economic assessment 

A specific model/tool was developed for a techno-economic assessment of a small-scale AD 

technology. Figure 8.3 provides the proposed assessment tool framework, which consists of 

technical and economic data input components, AD technology data for technical components 

and information regarding both financial and economic data parameters for the economic 
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component in the context of WEF nexus. The tool also consists of outputs for every TEA 

concept that will be assessed. These outputs include (i) mass and energy balance calculations 

and a simplified material flow diagram (MFD) of the concept; (ii) a cost-benefit analysis (CBA) 

with the calculation of both financial and economic feasibility performance indicators such as 

NPV, IRR, BCR and discounted payback period (DPBP); and (iii) both financial and economic 

risk analysis. Based on the aim of the study, different alternatives may be introduced for each 

stage. Figure 8.3 shows the options considered in the work discussed here. 

 

Figure 8.3. Schematic representation of the proposed TEA tool framework. 

A tool capable of assessing, comparing, and categorizing AD project implementation plans 

based on different criteria or parameters is a key for AD development. The TEA tool developed 

is useful for users with different objectives or interests. The tool is designed to be employed by 

an expert with a certain in-depth understanding of AD technology and how to interpret the 

various feasibility indicator results. The expert leads the analysis while working together with 
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the local stakeholders, based on six main steps distinguished during the development of the 

tool: 

Step 1: Define the problem.  

Step 2: Identify the scope of the project. 

Step 3: Determine the technological framework (issues associated with the AD supply 

chain: comprising feedstock chain, AD technology and product chain). 

Step 4: Integrating economic- and the technical components, which includes the cost 

assessments and economic analysis (discounting of costs and benefits over a time 

frame and calculating feasibility indicators such as NPV, IRR, BCR, etc.). In this 

step, the scale advantages can be taken into consideration. 

Step 5: Assessment of the sensitivity and/or risks to evaluate the influence of the key 

technical and economic parameters on the estimated feasibility indicator results. 

Step 6: Drawing a conclusion over the economic viability.  

According to the aim and scope of the study, different options may be introduced for each step 

to assess alternatives for addressing a particular problem, and the tool also allows a potential 

user to modify input parameters and evaluate different scenarios so that the feasibility of the 

technology is assessed particularly to the user’s conditions. For instance, the acceptable 

distance between the feedstock source and the digestion plant location might differ depending 

on the scale of the technology proposed. In the following section, the developed assessment 

tool was applied to the selected case studies. 

8.3.2 Cost-benefit analysis  

The material flow diagram and mass balance of the base case scenarios are presented in the 

appendix F, Figure 10.1.  

The CBA results revealed that the AD installation at smallholder farming households in the 

Jozini and Thulamela municipalities is both financially and economically feasible. The socio-

economic parameters and values of each cost or benefit category used in the scenarios to 

evaluate the economic investment criteria under base case scenarios are presented in Table 8.6. 

All monetary values were converted to and reported in the year 2018 values in South African 

Rand (R) unless otherwise stated. Indicated benefits are based on average methane production. 
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Table 8.6: Summarized average economic input parameters utilized in the case studies under 

base case. 

Variables  Scenario 1 Scenario 2 Scenario 3 

Financial cost    

Biobag10 digester (R)  17600 17600 17600 

Installation (R)  5500 5500 5500 

Maintenance (R)  0 0 0 

Utilizing gas burner (R)  220 220 220 

Storage tank (R)  22000 22000 22000 

Others (R)  1000 1000 1000 

Economic cost    

Digester feeding (R) 2100 2100 2100 

Financial benefit    

Fuel costs avoided (R) 4130 3920 4380 

Fertilizer costs avoided (R) 2730 2750 2690 

Value of water after AD (R) 120 120 120 

Medical expenditure avoided (R) 350 330 370 

Financial value of saved lives (R) 11 10 11 

Economic benefit    

Saved wood collection time (R) 1160 1100 1230 

Saved cooking and cleaning time (R) 3250 3250 3250 

Health-related productivity gains (R) 260 250 275 

Saved lives (R) 34680 32850 36500 

Project lifespan (year) 15 15 15 

Discount rate (%) 8 8 8 

8.3.3 Financial analysis  

Table 8.7 and Figure 8.4 provides a summary of the financial cost-benefit analysis results for 

the base case analysis. The financial performance indicators: the financial net present value 

(FNPV), the financial rate of return (FRR) and the financial benefit-cost ratio (FBCR) for three 

scenarios are presented in Figure 8.4a, b, and c, respectively. The FNPV per smallholder 

farming household yielded positive values, with mean R16 150 for the mono-digestion case 

(100CM), the FRR is 13%, the FBCR is 1.35 and the investment can be regenerated after 9.53 

years discounted payback period (FDPBP). For 70CM/20MS/10CR and 65CM/10MS/25CR, 
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the FNPV are also positive for both municipalities, and roughly amounts to R13 810 and R17 

620, the FRR is 12% and 14%, the FBCR is 1.30 and 1.38 and the investment can be regenerated 

after 9.95 and 9.12 years DPBP in the Jozini and Thulamela respectively.  

Concerning the financial cost, digester and installation costs together account for approximately 

50% of the total financial costs, while the water harvesting storage tank amounts to 47% of the 

costs. The significance of incorporating a water storage tank is to provide blue water to the 

farming household to avoid the problems related to an increased water demand due to AD. 

Water scarcity will affect food production indirectly through competing with energy 

production, which will lead to trade-offs with the energy and resources sectors within the 

smallholder system [5]. Although the costs of the water storage tank are high and require 

additional financial input at the beginning of the AD installation, in time it can avoid the 

economic cost of the time taken to collect water for energy production (R900-R1600 per year), 

which can result in a significant cost over the duration of the project. The use of a water storage 

tank can alleviate the labour needed to collect additional water and ensure that the total time 

expended on household activities does not substantially increase with the AD installation, and 

thereby play a role in the success and sustainability of AD implementation. The use of a water 

storage tank is also significant in reducing AD plant failures due to water scarcity. Furthermore, 

the AD treated material (including water) can be used for irrigating crops after being used in 

the AD, thereby reducing water scarcity implications for food production and contributing 

positively to water and land management [3].  

The greatest financial benefit is fuel costs avoided due to biogas use which accounts for 56% 

of the total financial benefits on average, followed by saved fertilizer costs (37%) (see, Figure 

8.5. Saved fertilizer cost due to digestate use was largely attributed to the high prices of the 

mineral fertilizers on the local market which were used in the assessment of the digestate. This 

highlights the significance of the digestate as a possible source of relatively affordable low-cost 

fertilizers by many smallholder farming households if they took up AD implementation.  
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Table 8.7: Summary of the statistics of the financial performance indicators under the base case 

scenarios. 
 

Indicators Statistics 
  

Min Max Mean Median Mode Stdev 

Scenario 1 FNPV -22400 27840 16150 19580 -22400 10220 
 

FBCR 0.52 1.6 1.35 1.42 0.52 0.22 
 

FRR -1.11 16.68 13.08 14.27 -1.11 3.598 

Scenario 2 FNPV -16590 24840 13810 17670 -16590 8637 
 

FBCR 0.64 1.54 1.3 1.38 0.64 0.19 
 

FRR 1.6 15.82 12.41 13.69 1.6 2.901 

Scenario 3 FNPV -22780 26280 17620 20950 -22780 9169 
 

FBCR 0.51 1.57 1.38 1.45 0.51 0.2 
 

FRR -1.3 16.23 13.57 14.68 -1.3 3.086 

FNPV is in South African Rand, FRR is in percentage. 

 

Figure 8.4: Box-and Whiskers plots of  a) 

FNPV, b) FRR, and c) FBCR based on the fitted methane distribution of the substrate 

combination scenarios (The dashed horizontal line indicated the break-even point). 

Direct comparison of the results in this study with previous investigations on the installation of 

a 10 m3 Biobag digester cannot be made due to the absence of available literature. However, it 

is reasonable to compare the findings to existing literature conducted on the feasibility of small-

scale AD systems using different AD types. Smith et al. [12] conducted a feasibility study for 

the installation of 6 m3 Agama BiogasPro digester in the rural household for the Okhombe 

community in South Africa and reported that biodigester installation is not a financially feasible 

investment for a rural household, with a calculated FRR of -0.25% and FBCR of 0.98. The 

greatest notable difference in the assessment was in the capital cost of the digester and its 

installation, which is high in comparison to the biodigester cost used in this study, in addition 

to the difference in digester type and capacity. Another feasibility study conducted by Renwick 
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et al. [4] considering the installation of integrated small-scale biodigester and latrine systems 

in Ethiopia, Rwanda, Uganda and Sub-Saharan Africa reported FBCR of 1.22 to 1.35 with 

FRRs range from 7.5% to 10.3% which is comparable with the current study findings.  

 

 

Figure 8.5: The percentage of the discounted benefit categories in the financial analysis. 

8.3.4 Economic analysis  

The results revealed that the AD installation at smallholder farming households would be an 

economically feasible and very attractive investment. Table 8.8 and Figure 8.6 provides a 

summary of the economic cost-benefit analysis results for the base case analysis. The economic 

performance indicators: the economic net present value (ENPV), the economic rate of return 

(ERR) and the economic benefit-cost ratio (EBCR) for three scenarios are presented in Figure 

8.6 a, b, and c, respectively. The ENPV per smallholder farming household is largely positive, 

amounts around R308 800 for the mono-digestion case (100CM), the ERR is 65%, the EBCR 

is 5.80 and the investment can be regenerated after 2.03 years discounted payback period 

(EDPBP). For 70CM/20MS/10CR and 65CM/10MS/25CR, the ENPV per smallholder farming 

household is also largely positive for both municipalities and approximately amounts to 

R288 600 and R322 200, the ERR is 64% and 67%, the EBCR is 5.49 and 6.01 and the 

investment can be regenerated after 2.09 and 1.97 years DPBP in the Jozini and Thulamela 

respectively. This means that every Rand invested in an AD-integrated smallholder farming 

household installation results in more than R5.49 of economic benefits.  

The greatest economic cost component is the digester and its installation cost at 36% of the total 

economic cost, followed by the storage tank at 34% and the operating costs (economic cost of 

the time taken to collect inputs and feed the digester) which represent 28% of all economic 

costs. This indicates that the collection of the inputs and feeding the digester involves a 

significant amount of time/cost over the duration of the project. For that reason, before the AD 
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installation, the time consumed doing different activities should be clearly planned to ensure 

that the total time expended on household activities does not substantially increase with the AD 

installation. The most significant economic benefits were the value of saved lives benefit which 

accounts for around 72% of the total economic benefits on average, followed by fuel costs 

avoided, the economic value associated with time-saving (fuelwood collection, cooking and 

utensils cleaning time) due to biogas use and fertilizer costs avoided (see Figure 8.7). The large 

economic benefit from the value of saved lives is not directly related to AD, but rather with not 

burning wood indoors. This economic benefit could thus also be achieved without AD (e.g. by 

LPG based cooking and heating), but needs further investigation. The indirectly generated 

income (non-financial benefits) accounts for more than 80%, while the total financial benefits 

(expenditures saving) account for less than 20% of the total economic benefit. The base case 

scenarios are substantially in favour of feasibility for a smallholder AD system installation with 

a significant economic performance in contrast to the financial analysis results (see Figure 8.8).  

The economic findings revealed comparable economic performance with existing studies. 

Smith et al. [12] calculated an ERR of 57.68% and an EBCR of 4.83, whereas Renwick et al. 

[4] reported an EBCR of 4.52 to 6.84 with ERRs range from 78% to 178%. A high ERR is not 

surprising as Renwick et al. [4] include environmental benefits (deforestation and GHG 

emission reduction) in their evaluations, which is not the case in the current study. Further, their 

evaluation was also made in reference to large-scale projects where the benefit of economy of 

scale was significant.  

Table 8.8: Summary of the statistics of the economic performance indicators under the base 

case scenarios. 

 Indicators Statistics 
  

Min Max Mean Median Mode Stdev 

Scenario 1 ENPV -3521 403500 308800 336600 -3521 82780 
 

EBCR 0.95 7.28 5.8 6.24 0.95 1.29 
 

ERR 6.90 78.65 65.24 69.91 6.90 14.22 

Scenario 2 ENPV 42590 377800 288600 319800 42590 69900 
 

EBCR 1.66 6.88 5.49 5.97 1.66 1.09 
 

ERR 20.85 76.54 63.84 68.76 20.85 11.2 

Scenario 3 ENPV -3227 391900 322200 349000 -3227 73850 
 

EBCR 0.95 7.1 6.01 6.43 0.95 1.15 
 

ERR 7 77.2 67.42 71.6 7 11.73 

ENPV is in South African Rand, ERR is in percentage. 
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Figure 8.6: Box-and Whiskers plots of  a) 

ENPV, b) ERR, and c) EBCR based on the fitted methane distribution of the substrate 

combination scenarios (The dashed horizontal line indicated the break-even point). 

 

Figure 8.7: The percentage of the discounted benefit categories in the overall economic impact. 

 

Figure 8.8: Cumulative probability distribution for (A) FBCR and (B) EBCR performance 

indicators, for each scenario (100 000 MC samples). 
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8.3.5 Risk Assessment 

Sensitivity analysis reinforced the economic analysis results, even in the cases where the highest 

economic benefit (the value of saved lives (VOSL)) was excluded from the analysis, economic 

performance indicators remain feasible. In the assumption of a zero value of saved lives, the 

ERR remains positive with values of 19.01, 18.33 and 20.10% in 100CM, 70CM/20MS/10CR 

and 65CM/10MS/25CR respectively. It also suggests that each Rand invested in a smallholder 

AD system yields R1.58, R1.54, and R1.61 in economic benefits when the VOSL benefits were 

excluded, and R5.80, R5.49 and R6.01 when VOSL were included in 100CM, 

70CM/20MS/10CR and 65CM/10MS/25CR respectively. Smith et al. [12] calculated an EBCR 

of 1.65 under a zero VOSL assumption that is comparable with calculated values.  

From the sensitivity analysis it is also noted that the water storage tank costs were excluded 

from the analysis (as is not the case in the current study), both the financial and economic 

performance indicators revealed significant change, with FRR of about 27-29% and ERR of 

101-109%. When the storage tank is excluded in this study the smallholder AD installation 

boosts the FBCRs from 1.30-1.38 to 2.47-2.63. It suggests that each Rand invested on a 

smallholder AD installation yield approximately R8.34-9.14 in economic benefits when the 

storage tank is excluded and R5.49-6.01 when the storage tank included. It is also characterized 

by a payback period of 4.13-4.42 and 1.42-1.48 years for financial and economic analysis 

respectively. This is comparable with the economic viability analysis of biogas generation from 

different size small-scale digesters in Uganda with payback periods as low as just over one year 

with IRR over 35% [61]. Ding et al. [62] also suggest simple payback periods below two years 

based on the financial returns to households who implement AD digesters in China.  

A 10% variation in the value of the CBA variables was considered to determine the critical 

variables of the model. For the financial analysis, the parameter that leads to a greater than 1% 

change in the FRR is only fuel costs avoided (1.2%), followed by storage tank cost, digester 

cost and fertilizer cost avoided in the order of importance, as presented in the appendix F, Table 

10.24, 25 and 26 for 100CM, 70CM/20MS/10CR and 65CM/10MS/25CR respectively. For the 

economic assessment, those parameters that lead to a greater than 1% change in the ERR are 

the value of saved lives (3.57%), storage tank cost (2.48%), and digester cost (2%), followed 

by fuel costs avoided and the value of saving time. 

The combined conservative scenarios were computed by increasing all costs by 10% and 

decreasing all benefits by 10% and vice versa for the optimistic case (see Figure 8.9). The 

conservative cases result show slightly lower FBCR <1 or negative FNPV but high EBCR or 
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largely positive ENPV in 100CM and 70CM/20MS/10CR, while the conservative case in 

65CM/10MS/25CR still results in a FBCR>1(1.02) or positive FNPV in addition to the largely 

positive EBCR and ENPV which means an investment is worthwhile taking the risk, even in 

pessimistic conditions.  

 

Figure 8.9: Summary of combined 10% variation sensitivity analysis for BCR indicators. 

The CBA results are robust to possible changes in key variables. The cumulative probability 

distribution graph allows an evaluation of the project risk, for instance by checking whether the 

probability is lower or higher than a reference value that is considered to be critical (e.g., 0 for 

NPV and 1 for BCR). For the base case, the probability that the FBCR will be greater than 1 is 

0.925 on average, as presented in Figure 8.10a, c, e and summarized in Table 8.9. This suggests 

that the analysis is feasible with a low-risk level. For the 10% variation conservative case, the 

risk level is slightly higher with a 0.73 probability of FBCR > 1, but with very low risk for the 

economic analysis 8.10b, d and f: 0.966 probability of EBCR > 1 for 100CM (cow manure 

mono-digestion). This suggests that the proposed project is expected to be beneficial for the 

society even under the conservative cases, even though it is still not attractive for private 

investors. Overall, the risk assessment results clearly reconfirmed the strong economic 

feasibility of the project with a very low risk level. 

In other words, the analysis reveals that the implementation of smallholder ADs is financially 

non-feasibly under conditions where the daily methane flow is less than approximately 

1.5 Nm3, with around 0.075 probability. This amount is equivalent to the household energy 

demand by an average-sized low-income South African household for cooking with biogas 

(2.5 Nm3 biogas per day, assuming 60% methane content ) [41,47]. In the South African 
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context, it seems that small-scale AD installations should at least satisfy household cooking 

energy demand to be feasible. This may be due to a high energy consumption habit in the 

country as well as the high cost of the technology implementation for rural households.  

Additional income streams that could be generated by upgrading AD products (e.g., the sale of 

heat and cooling) from AD plants as well as subsidies and grants which the technology brings 

to society (like reductions in GHG emissions) were not included in this analysis. Furthermore, 

the limitation of this study approach is that it only considered digestate utilization from an 

economic point of view in unprocessed/raw form, even though, digestate analysis, processing 

and utilization mechanisms play an important role in its application and to make AD investment 

financially attractive. Further studies are recommended on the development and 

implementation of innovative approaches and technologies for digestate analysis, processing, 

treatment and use that did not form part of this study in TEA considerations.  

Table 8.9: Summary of risk analysis results. 

 Probability FBCR < 1 Probability EBCR < 1 

 Conservative Base Optimistic Conservative Base Optimistic 

CM100 0.206 0.0741 0.0728 0.0343 0.0037 <0.0001 

CM70 

MS20 

CR10 

0.393 0.078 0.0364 <0.0001 <0.0001 <0.0001 

CM65 

MS10 

CR25 

0.212 0.0705 0.0495 0.0020 0.0002 <0.0001 
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Figure 8.10: Cumulative probability of FBCR and EBCR performance indicators for each 

scenario under conservative, base and optimistic conditions (100 000 MC samples). 

 Conclusion 

Our analysis has not only confirmed the potential of AD to process agricultural biomass 

feedstock in an economically feasible manner, but also demonstrated how risk can be quantified 

using probabilistic simulations. Our result also shows that fuel costs saved, and fertilizer costs 

saved are the main drivers for a profitable installation for the financial analysis, while the value 

of saved lives, fuel costs saved, cooking and cleaning time saved, and fertilizer costs saved are 
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the main drivers for a profitable installation for the economic analysis respectively. Smallholder 

farm-based AD technology investment is characterized by substantial purchasing and 

installation capital costs and does not directly generate cash income, but rather it saves on 

household expenditures and indirectly generates income through improved sanitation and 

health conditions and productive use of time savings. This leads the analysis results to strong 

economic performance relative to financial performance, which reveals the nature of the 

intervention. This may justify some form of government support consideration mainly at the 

initial phase so that the cost of the digester and installing an AD system cannot prevent many 

farmers from using this source of bioproducts. The full economic benefits of implementing AD 

should be clearly highlighted to smallholder households in an integrated way or in a way that 

is understandable, relevant and acceptable to the farmer. Thus, implementation of AD will be 

more economically feasible and have greater application to farming households than just 

showing them as a source of merely energy-related objectives (cooking & lighting).  

The application of the probabilistic TEA tool was demonstrated for a specific case study. It is 

important to interpret the results of the analysis within the context of the case study, as the 

primary economic- and financial-drivers remain, as always, context dependent. Nonetheless, it 

is likely that the economic value of saved lives, fuel cost, and cooking and cleaning time saved, 

will consistently emerge as important economic drivers. The main findings of this study 

highlight the importance of economic, not merely financial, considerations in TEAs, as well as 

the value of uncertainty quantification for informed decisions making. The results also 

demonstrate the value of analysing the entire WEF nexus, rather than focusing on energy-

related objectives only. Further investigations are recommended to consider local and global 

environmental benefits as well as consideration of alternative approaches and technologies that 

could decrease investment costs and therefore reduce the financial support need.  
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Chapter 9 

9. Conclusions and Recommendations 

This chapter summarizes key findings, conclusions drawn, original 

contributions of the study and future research recommended. 

 Revisiting the introduction and literature review  

In this thesis, the small-scale AD technology concept was investigated, specifically with 

informing AD strategies and facilitating technology selection to enhance AD uptake and ensure 

its implementation sustainably. This will help smallholders and supporting governments and 

other stakeholders identify an appropriate solution to a specific context for the provision of 

clean energy and recycle nutrients within an agro-ecological smallholder production system to 

improve energy and food security and reduce poverty and environmental impact 

simultaneously. The production of two bioproducts, biogas and biofertilizer from agricultural 

residue biomass substrates was studied in the water, energy and food (WEF) nexus context in 

providing such a potential solution with other co-benefits. 

Next to the introductory part in Chapter 1, the literature review in Chapter 2 discussed an 

overview of the AD technology development and technical background as well as the current 

status and future prospects of a small-scale AD system. Anaerobic digestion has a number of 

potential benefits when integrated into smallholder farming systems (including resource 

circularity and cleaner energy), yet wide uptake of the technology has not been achieved. To 

date, no appropriate AD strategies and analysis tools have been previously developed for 

smallholder-scale AD considering the context of WEF nexus targeting the production of both 

biogas and biofertilizer through AD from agricultural biomass substrates with other co-

benefits. Therefore, this dissertation aimed to contribute to the successful utilization of small-

scale AD in smallholder farming systems in Africa. To achieve this aim the 4 objectives set for 

the thesis in the first chapter were developed from the literature review. For the objectives, 4 

respective research questions were formulated for the thesis in the first chapter. These research 

questions were developed into research papers, with some published in pre-reviewed journals 

and others either submitted or revised. Each research paper/chapter’s finding, contribution and 

further research recommendation are synthesised in the following section. 
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 Summary of findings, contributions and recommendations 

9.2.1 Chapters 4 and 5: Objective 1 - Research question 1 

In Chapters 4 and 5, the findings provide an insight into the potential of numerous available 

agricultural residue biomass feedstock and estimates the production of biogas and digestate for 

energy use and recycling nutrients within an agro-ecological smallholder production systems. 

The generated average biomass potential per emerging or commercially oriented smallholder 

farming household in the South African smallholder farming system generate enough biomass 

to sustain a household scale AD. While the generated average biomass potential per 

smallholder (subsistence and emerging) household in the Madagascan farming system is small 

to sustain a household scale AD. This might need further work to consider developing/adopting 

smaller technologies according to local conditions that take biomass availability into account. 

This could be done to explore possible strategies that will identify ways to enhance biomass 

potential and utilize the resources feasibly (e.g, investigation on whether the use of a smaller 

digester or a community digester shared by households is more feasible in local situations).  

Chapter 4 and 5 addressed the gap in the literature regarding the availability of biomass 

feedstock resources (lack of data on resource availability) and their potential considering 

competing uses in smallholder farming systems. The findings show that AD based on 

agricultural residue biomass feedstock (such as crop residue and animal manure) has the 

potential to meet a significant portion of the energy needs of smallholder farmers in the studied 

regions and can also make an important contribution to providing fertilizer for on-farm use.  

Future studies could be done on the exact seasonal availability and distribution of location, and 

the ecological and economic value of biomass feedstock collection and conversion at a national 

level to integrate into the mainstream energy sector. Further studies are recommended on how 

the estimated residues are practically suitable/feasible to AD and if any form of pretreatment 

is required as well as their cost implications that did not form part of this dissertation in biomass 

estimation considerations. Moreover, further analysis is suggested on other domestic wastes 

(including kitchen waste, abattoir waste and wastewater, etc) at the smallholder level to further 

refine the full biomass potential in the farming system. 

9.2.2 Chapter 6: Objective 2 - Research question 2  

In Chapter 6, the AHP and SMART approaches of MCDA were combined to develop a robust 

decision support method to determine the most preferable AD technology from among many 

alternatives, given a particular local context. This method is likely to be particularly useful to 
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decision-makers and researchers to design planning frameworks for projects, as the combined 

method draws on the individual strengths of each method. The work is significant as it 

develops, demonstrates and tests a method that can enable navigating a scenario where a large 

number of technologies are available, and the most appropriate one needs to be found given 

multiple criteria linked to a particular set of local conditions. It is demonstrated particularly for 

selecting the most appropriate small-scale anaerobic digester technology in a South African 

context but is easily adaptable to other countries and other technology selection scenarios not 

related to AD. This method can eliminate poor technology selection, and therefore (if followed) 

can be an important tool for decision-makers at the start of policymaking or scientific project 

roll-out, to enable wider societal uptake of AD technology. Moreover, this work can also serve 

as a means to ensure structured approaches are followed in the implementation of renewable 

energy projects, thereby decreasing the number of poorly planned and/or failed projects. 

Future research is recommended to develop and/or adapt the most suitable small-scale AD 

technologies according to the local situations and demands through working with potential 

users and stakeholders. Besides, existing new AD technologies could be added to the list of 

alternative technologies studied in Chapter 6. It is also recommended to perform further analysis 

on improving and expanding the MCDA tool by involving local experts within the farming 

sector, local communities or relevant stakeholders into choosing additional criteria for social 

sustainability, which are specific to LMICs and refine the selection criteria best suit the 

smallholder context. This could be done to identify suitable technology and maximize 

favourable techno-economic results as well as technology uptake.  

9.2.3 Chapter 7: Objective 3 - Research question 3  

Chapter 7 develops a particular approach to estimate biogas production probabilistically and 

applies it to a particular case study, but the concepts developed herein can be extended to a 

variety of other systems where the biogas production must be estimated; the probabilistic 

approach provides additional depth to the model results. The comprehensive literature survey 

of ADM1 parameters and substrate characterisation provides a firm starting point for 

practitioners in the field aiming to perform similar studies in different contexts. The developed 

methodology is especially useful for initial feasibility screening tests and can contribute to 

decision making and planning of AD operations. The simulation results for co-digested 

substrates can readily be applied in subsequent techno-economic feasibility analyses. Further, 

the developed approach improves the utility of the widely adopted ADM1 by explicitly 
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accounting for parameter uncertainty, a problem that has (arguably) hampered the application 

of ADM1 since its publication in 2003. 

It is recommended to conduct further investigation on the practicality of the established 

substrate combination scenarios and the simulations with real operational data to identify the 

optimal substrate combination for particular local conditions where a detailed analysis on the 

site is required as resource availabilities of a specific village can vary from the averages 

employed here. Future research could be also done on the seasonality of crop residues in the 

local context to consider biomass availability constraints in the co-digestion strategy 

establishment for favourable technical and economic performances and optimization.   

9.2.4 Chapter 8: Objective 4 - Research question 4 

The main findings of Chapter 8 highlight the importance of economic, not merely financial, 

considerations in TEAs, as well as the value of uncertainty quantification for informed decisions 

making. The financial viability of AD is low with a low-risk level (0.925 probability that 

FBCR>1), but the economic viability is very high. This indicates that the project is more 

beneficial for the smallholder farming society than capital markets as financial indicators give 

an indication of the financial profitability of the project from a private investors’ perspective, 

while the economic analysis shows its socio-economic benefits for the society. 

The contributions of this chapter include the development of a flexible and robust TEA tool in 

the nexus context for the effective assessment of AD implementation for biogas and digestate 

production and utilization. Additional indicators within the WEF nexus, other than the 

traditional techno-economic ones were assessed and economic values to these indicators were 

assigned, but still, it needs further detailed analysis to expand the nexus aspect. The study is a 

vital contribution to knowledge as it attempts to address the multiple interactions between AD 

and WEF domains at the smallholder level from the techno-economic perspective.  

Further work would be required to apply this methodology in other AD projects where a 

detailed analysis on the site for a particular application is needed in the nexus context as 

resource availabilities of a specific village can vary from the averages employed here. In doing 

so, the economic and/or environmental sustainability could be maximized by realizing the full 

potential benefits of AD and contribute to rural economic development.  

Further work would be required to focus on the consideration of adopting and developing 

alternative technologies according to local situations which could decrease capital cost and 

thereby reduce the need for financial support. AD technology can be constructed on a wide 
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range of scales and its scale has a significant impact on economies of scale and it is important 

to consider during the early phases of developing a project [1]. Even though the scale effect is 

not considered in this study the author has been seen in other case studies that it is likely that 

the cost of each AD and installation will potentially be significantly reduced as the scale of AD 

installation increases [2]. The sources of economies of scale are often related to capital and the 

specialization of labour [3]. It seems that commercialization and extended research along with 

design efficiency and optimization are likely to be responsible for reducing input costs and 

providing greater potential for economies of scale [4]. Therefore, to reduce input costs and 

provide greater potential for economies of scale it is important to consider the significance of 

scale (scale effects) in AD projects and provide valuable information for the future analysis of the 

economic viability of AD.    

As a limitation, additional income streams that could be generated by upgrading AD products 

from AD plants were not included in this analysis. For example, alternative incomes from AD 

systems for other applications (e.g., agricultural post-harvesting and processing; drying, 

pressing, milling and storage), and the sale of heat and cooling be studied. Furthermore, 

additional incomes such as avoided waste disposal costs or gate fees chargeable for waste 

treatment, subsidies and grants etc. which the technology brings to society (like reductions in 

GHG emissions) should be studied. 

In addition to biogas energy, digestate utilization has the potential to make AD investment 

financially attractive in the nexus context and have greater application to farming households 

as discussed in different sections of the dissertation. The approach of this dissertation 

considered the economic benefits of digestate from a nutrient and water use point of view. 

However, the water aspect of the nexus is limited to digestion water (provision of water for 

energy production and its use for food production after AD) and the benefits of digestate on 

soil ability to retain nutrients and water were not included in this analysis, due to limited 

available data. Thus, this is identified as a limitation of this study and further investigation is 

recommended on soil water retention benefits of enriching the soil with digestate. On the other 

hand, further studies are recommended on the potential adverse effect of utilizing digestate as 

a fertilizer as this did not form part of this dissertation in TEA considerations. 

 Summary of overall conclusions and recommendations 

Overall, the findings of this study reveal that the use of AD technology in a circular economy 

approach (with water, food and energy as backdrop) offers many socioeconomic, environmental 

and health benefits for farmers. There are synergies between the developed AD strategies 

(resource availability, preferable AD technology, co-digestion, and the probabilistic economic 
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results) in this study holistically. Considering all of these factors together is important to 

progress, and this study can be used to screen scenarios, to enable one to find the most promising 

locations and substrates to implement AD meaningfully in order to provide a better life to 

smallholder farmers. The study demonstrated the utility of probabilistic co-digestion and TEA 

for informed decision making, a tool that can be readily generalized to other settings. The work 

can be used by individuals, stakeholders and decision-makers who by virtue of their position, 

find themselves in the situation of initiating and/or launching an AD project, to determine what 

opportunities are available locally, identify an appropriate solution to a specific context and to 

analyse whether and in what way one can contribute to solve a major issue of rural smallholders 

(namely energy security) as well as contribute to rural economic development. Furthermore, 

the developed method in this study provides a firm starting point for practitioners in the field 

aiming to perform similar and further studies in different contexts.  

On the other hand, further practical work is required before deployment and biogas provision, 

particularly on the practicality and challenges of the conversion process as this study wholly 

carried out a desktop analysis to reach key conclusions and recommendations. This could be 

done to verify the consistency between assumptions used in this study with real operational data 

(practicality). Further investigation is also recommended on alternative ways of sustainable 

organic residue management technologies in local conditions, as other residue management 

methods were not included in this study. This is important to consider the best technical use of 

organic residue wastes as well as how social, economic, and cultural factors and social norms 

influence uptake. This could be done to make an important contribution to the sustainable 

provision of energy, food and water to farming households via better use of organic residue 

wastes and resource circularity. 

One of the main limitations of this dissertation approach is that it only considered digestate 

utilization from an economic point of view. However, it is known that digestate quality will 

also play an important part in its application, which was not addressed in this study. Further 

research is recommended on the development and implementation of innovative approaches 

and technologies for digestate analysis, processing, treatment, application method and rate, and 

its impact on different cropping systems particularly in Sub-Saharan African’s soil and climatic 

conditions, so that its importance can be better understood and provide an option to alleviate 

poverty, recycle the nutrients and improve agricultural productivity.  

Lastly, smallholder farm-based AD technology investment is characterized by substantial 

purchasing and installation capital costs and does not directly generate cash income, but rather 

it saves on household expenditures and indirectly generates income through improved 
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sanitation and health conditions and productive use of time savings. Therefore, in order to 

improve the development of AD technology, the full economic benefits of implementing AD 

should be clearly highlighted to smallholder households in an integrated way or demonstrating 

the economic viability of AD in a way that is understandable, relevant and acceptable to the 

farmer. In addition, searching for financial incentives or funds will also play an important part 

to drive the nascent industry forward. Recommended implementation strategies in this 

dissertation is expected to lead to improved uptake and use of AD systems as well as enhanced 

skills to operate and maintain the technology if appropriately applied.  

 Closing remark 

For development, ensuring the provision of affordable, efficient, adequate and reliable modern 

energy amenities with minimum adverse influence on the environment for a continued period 

is not only essential but the key for LMICs (including SSA) in which most are struggling to 

satisfy current energy demands. The information and data provided in the dissertation can be 

utilized to determine opportunities to enhance the techno-economic performance of the AD 

technology process industry and therefore, their commercialisation in the developing African 

countries. Furthermore, this thesis outcome, such as the role of biomass feedstock assessments, 

multi-criteria technology selection methods in the bioenergy industry, the particular approach 

to estimate biogas production probabilistically, and the impact of adaptable analysis tool on the 

feasibility assessment of the technology as outlined in Chapter 8 can be utilized as tools by local 

authorities and governments to enact policies, harmonise and reform biomass-based energy 

protocols and directions. This could be done in order to support bioenergy production and 

resource circularity within agricultural systems in developing African countries.  
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10. Appendix 

Appendix A: Supplementary information for AD
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Table 10.1: ADM1 matrix, Biochemical rate coefficients (νi,j) and kinetic rate equations (ρj) for soluble organic compounds  (Batstone et al., 2002; 

Schoen, 2009). 

 Component         

i  

1 2 3 4 5 6 7 8 9 10 11 12 Rate (⍴j,kg COD.m-3.d-1) 

j           Process Ssu Saa Sfa Sva Sbu Spro Sac Sh2 Sch4 SIC SIN SI  

1 Disintegration            fsI,XC kdisXc 

2 Hydrolysis of 

carbohydrates  

1            Khyd,chXch 

3 Hydrolysis of 

proteins 

 1           Khyd,prXpr 

4 Hydrolysis of 

lipids 

1- ffa,li ffa,li           Khyd,liXli 

5 Uptake of sugars -1    (1-Ysu) fbu,su (1-Ysu) fpro,su (1-Ysu) fac,su (1-Ysu) fh2,su  − ∑ 𝐶𝑖𝑣𝑖, 5

𝑖=1−9,11−24

 
-(Ysu)Nbac  

𝑘𝑚,𝑠𝑢

𝑆𝑠𝑢

𝐾𝑠 + 𝑆
𝑋𝑠𝑢𝐼1 

6 Uptake of amino 

acids 

 -1  (1-Yaa) fva,aa (1-Yaa) fbu,aa (1-Yaa) fpro,aa (1-Yaa) fac,aa (1-Yaa) fh2,aa  − ∑ 𝐶𝑖𝑣𝑖, 6

𝑖=1−9,11−24

 
Naa-(Yaa)Nbac  

𝑘𝑚,𝑎𝑎

𝑆𝑎𝑎

𝐾𝑠 + 𝑆
𝑋𝑎𝑎𝐼1 

7 Uptake of LCFA   -1    (1-Yfa) 0.7 (1-Yfa) 0.3   -(Yfa)Nbac  
𝑘𝑚,𝑓𝑎

𝑆𝑓𝑎

𝐾𝑠 + 𝑆
𝑋𝑓𝑎𝐼1 

8 Uptake of 

valerate 

   -1  (1-Yc4) 0.54 (1-Yc4) 0.31 (1-Yc4) 0.15   -(Yc4)Nbac  
𝑘𝑚,𝑐4

𝑆𝑣𝑎

𝐾𝑠 + 𝑆𝑣𝑎
𝑋𝑐4

1

1 + 𝑆𝑏𝑢/𝑆𝑣𝑎
𝐼2 

9 Uptake of 

butyrate 

    -1  (1-Yc4) 0.8 (1-Yc4) 0.2   -(Yc4)Nbac  
𝑘𝑚,𝑐4

𝑆𝑏𝑢

𝐾𝑠 + 𝑆𝑏𝑢
𝑋𝑐4

1

1 + 𝑆𝑣𝑎/𝑆𝑏𝑢
𝐼2 

10 Uptake of 

propanate 

     -1 (1-Ypro)0.57 (1-Ypro)0.43  − ∑ 𝐶𝑖𝑣𝑖, 10

𝑖=1−9,11−24

 -(Ypro)Nbac  
𝑘𝑚,𝑝𝑟

𝑆𝑝𝑟𝑜

𝐾𝑠 + 𝑆𝑝𝑟𝑜
𝑋𝑝𝑟𝑜𝐼2 

11 Uptake of acetate       -1  (1-Yac)  − ∑ 𝐶𝑖𝑣𝑖

𝑖=1−9,11−24

, 11 -(Yac)Nbac  
𝑘𝑚,𝑎𝑐

𝑆𝑎𝑐

𝐾𝑠 + 𝑆𝑎𝑐
𝑋𝑎𝑐𝐼3 

12 Uptake of 

hydrogen 

       -1 (1-Yh2) − ∑ 𝐶𝑖𝑣𝑖

𝑖=1−9,11−24

, 12 -(Yh2)Nbac  
𝑘𝑚,ℎ2

𝑆ℎ2

𝐾𝑠 + 𝑆ℎ2
𝑋ℎ2𝐼1 

13 Decay of Xsu             kdec,XsuXsu 

14 Decay of Xaa             kdec,XsuXsu 

15 Decay of Xfa             kdec,XaaXaa 

16 Decay of Xc4             kdec,XfaXfa 

17 Decay of Xpro             kdec,Xc4Xc4 

18 Decay of Xac             kdec,XproXpro 

19 Decay of Xh2             kdec,Xh2Xh2  
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Table 10.2: Biochemical rate coefficients (νi,j) and kinetic rate equations (ρj) for particulate components  (Batstone et al., 2002; Schoen, 2009).  

 Component              

i  

13 14 15 16 17 18 19 20 21 22 23 24 Rate (⍴j,kg COD.m-3.d-1) 

j            Process XC Xch Xpr Xli Xsu Xaa Xfa Xc4 Xpro Xac Xh2 XI  

1 Disintegration -1 fch,XC fpr,XC fli,XC        fsI,XC kdisXc 

2 Hydrolysis of 

carbohydrates  

 -1           Khyd,chXch 

3 Hydrolysis of 

proteins 

  -1          Khyd,prXpr 

4 Hydrolysis of lipids    -1         Khyd,liXli 

5 Uptake of sugars     Ysu        
𝑘𝑚,𝑠𝑢

𝑆𝑠𝑢

𝐾𝑠 + 𝑆
𝑋𝑠𝑢𝐼1 

6 Uptake of amino 

acids 

     Yaa       
𝑘𝑚,𝑎𝑎

𝑆𝑎𝑎

𝐾𝑠 + 𝑆
𝑋𝑎𝑎𝐼1 

7 Uptake of LCFA       Yfa      
𝑘𝑚,𝑓𝑎

𝑆𝑓𝑎

𝐾𝑠 + 𝑆
𝑋𝑓𝑎𝐼1 

8 Uptake of valerate        Yc4     
𝑘𝑚,𝑐4

𝑆𝑣𝑎

𝐾𝑠 + 𝑆𝑣𝑎
𝑋𝑐4

1

1 + 𝑆𝑏𝑢/𝑆𝑣𝑎
𝐼2 

9 Uptake of butyrate        Yc4     
𝑘𝑚,𝑐4

𝑆𝑏𝑢

𝐾𝑠 + 𝑆𝑏𝑢
𝑋𝑐4

1

1 + 𝑆𝑣𝑎/𝑆𝑏𝑢
𝐼2 

10 Uptake of 

propanate 

        Ypro    
𝑘𝑚,𝑝𝑟

𝑆𝑝𝑟𝑜

𝐾𝑠 + 𝑆𝑝𝑟𝑜
𝑋𝑝𝑟𝑜𝐼2 

11 Uptake of acetate          Yac   
𝑘𝑚,𝑎𝑐

𝑆𝑎𝑐

𝐾𝑠 + 𝑆𝑎𝑐
𝑋𝑎𝑐𝐼3 

12 Uptake of hydrogen           Yh2  
𝑘𝑚,ℎ2

𝑆ℎ2

𝐾𝑠 + 𝑆ℎ2
𝑋ℎ2𝐼1 

13 Decay of Xsu 1    -1        kdec,XsuXsu 

14 Decay of Xaa 1     -1       kdec,XsuXsu 

15 Decay of Xfa 1      -1      kdec,XaaXaa 

16 Decay of Xc4 1       -1     kdec,XfaXfa 

17 Decay of Xpro 1        -1    kdec,Xc4Xc4 

18 Decay of Xac 1         -1   kdec,XproXpro 

19 Decay of Xh2 1          -1  kdec,Xh2Xh2  
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Table 10.3: ADM1 processes as implemented in MATLAB. 

Biochemical processes  Physico-chemical processes 

disintegration  P1 valerate acid-base A4 

Hydrolysis of carbohydrates  P2 butyrate acid-base A5 

Hydrolysis of proteins  P3 propionate acid-base A6 

hydrolysis of lipids  P4 acetate acid-base A7 

uptake of sugars  P5 inorganic carbon acid-base A10 

uptake of amino acids  P6 inorganic nitrogen acid-base A11 

uptake of long chain fatty acids (LCFA) P7   

uptake of valerate  P8 hydrogen stripping ppSh2 

uptake of butyrate  P9 methane stripping ppSch4 

uptake of propionate  P10 carbon dioxid stripping ppSco2 

uptake of acetate  P11 total gas stripping ppTotal 

uptake of hydrogen P12   

decay of biomass Sugar degraders P13   

decay of biomass amino acids degraders P14   

decay of biomass LCFA degraders P15   

decay of biomass valerate, butyrate degraders P16   

decay of biomass propionate degraders P17   

decay of biomass acetate degraders P18   

decay of biomass hydrogen degraders P19   

 

Table 10.4: ADM1 Dynamic State Variables as implemented in MATLAB. 

Description Unit Variable Description Unit Variable 

Monosaccharides kgCOD/m³ Ssu Lipids kgCOD/m³ Xli 

Amino acids kgCOD/m³ 

Saa Monosaccharide 

degraders kgCOD/m³ Xsu 

Total LCFA kgCOD/m³ 

Sfa Amino acid 

degraders kgCOD/m³ Xaa 

Total valerate kgCOD/m³ Sva LCFA degraders kgCOD/m³ Xfa 

Total butyrate kgCOD/m³ Sbu C4-degraders kgCOD/m³ Xc4 

Total propionate kgCOD/m³ 

Spro Propionate 

degraders kgCOD/m³ Xpro 

Total acetate kgCOD/m³ Sac Acetate degraders kgCOD/m³ Xac 

Hydrogen kgCOD/m³ 

Sh2 Hydrogen 

degraders kgCOD/m³ Xh2 
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Methane kgCOD/m³ Sch4 Particulate inerts kgCOD/m³ XI 

Inorganic carbon kmol C/m³ SIC Anions kmol/m³ San 

Inorganic nitrogen kmol N/m³ SIN Cations kmol/m³ Scat 

Soluble inerts kgCOD/m³ SI Hydrogen (gas) kgCOD/m³ Sh2,g 

Composites kgCOD/m³ Xc Methane (gas) kgCOD/m³ Sch4,g 

Carbohydrates kgCOD/m³ 

Xch Carbon dioxide 

(gas) kgCOD/m³     Sco2,g 

Proteins kgCOD/m³     Xpr    

Table 10.5: ADM1 stoichiometric parameters as implemented in MATLAB. 

Name  Description  Unit 

fch_XC  Carbohydrates from composites - 

fpr_XC  Proteins from composites  - 

fli_XC  Lipids from composites  - 

fXi_XC  Particulate inerts from composites  - 

fSi_XC  Soluble inerts from composites - 

C_Xc  Carbon content composites  k mole N kg COD-1 

C_Xch  Carbon content carbohydrates  k mole N kg COD-1 

C_Xpr  Carbon content proteins  k mole N kg COD-1 

C_Xli  Carbon content lipids  k mole N kg COD-1 

C_XI  Carbon content particulate inerts  k mole N kg COD-1 

C_SI  Carbon content soluble inerts  k mole N kg COD-1 

C_su  Carbon content sugars  k mole N kg COD-1 

C_aa  Carbon content amino acids  k mole N kg COD-1 

C_Sfa  Carbon content fatty acids  k mole N kg COD-1 

C_Sbu  Carbon content butyrate  k mole N kg COD-1 

C_Spro  Carbon content propionate  k mole N kg COD-1 

C_Sac  Carbon content acetate  k mole N kg COD-1 

C_XB  Carbon content biomass  k mole N kg COD-1 

C_Sva  Carbon content valerate  k mole N kg COD-1 

C_Sch4  Carbon content methane  k mole N kg COD-1 

N_Xc  Nitrogen content composites k mole N kg COD-1 

N_aa  Nitrogen content in amino acids and proteins  k mole N kg COD-1 

N_I  Nitrogen content inerts  k mole N kg COD-1 

N_XB  Nitrogen content in biomass  k mole N kg COD-1 
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fbu_su  fraction butyrate from sugars  kg COD kg COD-1 

fbu_aa  fraction butyrate from amino acids  kg COD kg COD-1 

ffa_Xli  fraction fatty acids from lipids  kg COD kg COD-1 

fpro_su fraction propionate from sugars  kg COD kg COD-1 

fpro_aa  fraction propionate amino acids  kg COD kg COD-1 

fpro_va fraction propionate valerate  kg COD kg COD-1 

fac_su fraction acetate from sugars  kg COD kg COD-1 

fac_aa  fraction acetate amino acids  kg COD kg COD-1 

fva_aa  fraction valerate from amino acids  kg COD kg COD-1 

fH2_su fraction hydrogen from sugars  kg COD kg COD-1 

fH2_aa fraction hydrogen from amino acids  kg COD kg COD-1 

fH2_fa  fraction hydrogen from fatty acids  kg COD kg COD-1 

fH2_va  fraction hydrogen from valerate  kg COD kg COD-1 

fH2_bu  fraction hydrogen from butyrate  kg COD kg COD-1 

fH2_pro fraction hydrogen from propionate  kg COD kg COD-1 
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Table 10.6: ADM1 kinetic parameters as implemented in MATLAB. 

Name Description Unit Name Description Unit 

kdis  disintegration rate  d-1 kdec_Xsu  decay rate sugars  d-1 

khyd_ch  hydrolysis rate carbohydrates d-1 kdec_Xaa  decay rate amino acids  d-1 

khyd_pr  hydrolysis rate propionate d-1 kdec_Xfa  decay rate fatty acids d-1 

khyd_li  hydrolysis rate lipids d-1 kdec_Xc4  decay rate butyrate and valerate d-1 

km_su  max uptake rate sugars  kgCOD_S kgCOD_X-1 d-1 kdec_Xpro  decay rate propionate  d-1 

km_aa  max. uptake rate amino acids kgCOD_S kgCOD_X-1 d-1 kdec_Xac decay rate acetate d-1 

km_fa  max. uptake rate fatty acids kgCOD_S kgCOD_X-1 d-1 kdec_XH2  decay rate hydrogen d-1 

km_c4  max. uptake rate valerate and butyrate kgCOD_S kgCOD_X-1 d-1 pHUL_a  upper pH limit for p5..10 - 

km_pro  max. uptake rate propionate kgCOD_S kgCOD_X-1 d-1 pHLL_a  lower pH limit for p5..10 - 

km_ac  max. uptake rate acetate kgCOD_S kgCOD_X-1 d-1 pHUL_ac  upper pH limit p11 - 

km_h2  max. uptake rate hydrogen kgCOD_S kgCOD_X-1 d-1 pHLL_ac  lower pH limit for p11 - 

KS_su  half saturation coefficient sugars  kg COD m-3 pHUL_H2  upper pH limit p12 - 

KS_aa  half saturation coefficient amino acids kg COD m-3 pHLL_H2  lower pH limit p12 - 

KS_fa  half saturation coefficient fatty acids kg COD m-3 kA_Bva  valerate rate coefficient for acid-base k mole d-1 

KS_c4  half. sat. coeff. valerate and butyrate kg COD m-3 kA_Bbu  butyrate rate coefficient for acid-base k mole d-1 

KS_pro  half sat. coeff. propionate  kg COD m-3 kA_Bpro  propionate rate coefficient for acid-base k mole d-1 

KS_ac  half sat. coeff. acetate  kg COD m-3 kA_Bac  acetate rate coefficient for acid-base k mole d-1 

KI_NH3  half. sat. coeeff. NH3 in p11 kg COD m-3 kA_BCO2  CO2 rate coefficient for acid-base  k mole d-1 

KS_IN  half saturation coefficient inorganic N  kg COD m-3 kA_Bin  inorganic nitrogen rate coefficient for acid-base k mole d-1 

KI_H2_fa  half sat. coeff. H2 for p7 kg COD m-3 Kw  water acid-base equilibrium constant k mole d-1 

KI_H2_c4  half. sat. coeff. H2 for p8,9 kg COD m-3 Kava  valerate acid-base equilibrium constant k mole d-1 

KS_H2  half sat. coeff. H2 for p12 kg COD m-3 Kabu butyrate acid-base equilibrium constant  k mole d-1 

KI_H2_pro  half sat. coeff. H2 in p10  kg COD m-3 Kapro  propionate acid-base equilibrium constant k mole d-1 

Ysu  Yield uptake sugars  kgCOD_X kgCOD_S-1 Kaac  acetate acid-base equilibrium constant k mole d-1 

Yaa  Yield uptake amino acids kgCOD_X kgCOD_S-1 KaCO2  CO2 acid-base equilibrium constant k mole d-1 

Yfa  Yield uptake LCFA kgCOD_X kgCOD_S-1 Kain  inorganic nitrogen acid-base equilibrium constant k mole d-1 

Yc4  Yield uptake of buterate and valerate kgCOD_X kgCOD_S-1 klaH2  dynamic gas–liquid transfer coefficient d-1 

Ypro  Yield uptake propionate kgCOD_X kgCOD_S-1 klaCH4  dynamic gas–liquid transfer coefficient d-1 

Yac  Yield uptake acetate kgCOD_X kgCOD_S-1 klaCO2  dynamic gas–liquid transfer coefficient d-1 

Yh2  Yield uptake hydrogen kgCOD_X kgCOD_S-1 KH_CO2  Henry constant mol bar-1m-3 

   KH_CH4  Henry constant  mol bar-1m-3 

   KH_H2  Henry constant mol bar-1m-3 
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Appendix B: Supplementary information for Chapter 4  

Table 10.7: Annual total amounts of digestate potential and nutrient concentration. 

 Residue   Provi

nce  

Available residues 

for AD FM* 

(kg.y-1HH-1) 

Total amounts 

of 

digestateDM* 

(kg.y-1HH-1) 

Total-N  

(kg.y-1HH-1) 

Total-P  

(kg.y-1HH-

1) 

Total-K  

(kg.y-1HH-

1) 

Crop KZN  5298 2508 130 105 108 

  LP 5061 2283 119 96 98 

Animal KZN  10019 5752 299 242 247 

  LP 5384 3083 160 130 133 

Total KZN 15316 8259 430 347 355 

Total LP 10445 5367 279 225 231 

 Total  25761 13626 709 572 586 

*DM= Dry Matter. 

Table 10.8: Summary of general household (HH) density and electricity access for cooking in 

the surveyed villages. 

Villages Total 

Populati

on 

Population 

density 

per/km2 

No. 

household 

Average 

household 

size 

Electricity 

for cooking 

(%) 

Household 

density/km2 

Jozini NU 1777 2 493 3.5 42.2 0.57 

Ingwavuma  1303 748 587 1.9 88.9 393 

Lindizwe 584 140 112 5.2 0.00 26 

Nongoma NU 2132 1 353 5.9 19.6 0.17 

Usuthu 230 157 41 5.6 0.00 28 

Ubuhlebezwe NU 6853 7 1182 4.3 39.1 1.63 

Ixopo 12461 1148 4657 2.6 54.4 442 

Umlalazi NU 7396 9 3288 1.6 85.7 5.63 

Eshowe 14744 809 4986 2.9 88.2 279 

Shayandima 10259 1667 2389 4.2 84.3 397 

Manamane 2897 780 689 4.2 21.9 186 
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Appendix C: Supplementary information for Chapter 5 

Table 10.9: The numbers of inhabitants, farms and animals in the study region. 

Vakinankaratra region In 2018 

Population total  2 079 659 

Agricultural population* 1,994,049 

Number of farm households* 433,489 

Cattle** 772,253 

Pigs** 690 907 

Poultry** 4,413,025  

*Source: INSTAT, (2020), **Source: Authors estimations. 

Table 10.10: Coefficients used for calculation for fuel equivalent potential of biogas. 

Parameters Unit  Values References 

Calorific value of biogas kcal.l-1 5.13  

Pathak et al. 

(2009) 

Calorific value of methane kcal.l-1 8.55 

Calorific value of firewood kcal.kg-1 3824 

Calorific value of kerosene kcal.l-1 8365 

Burning efficiency of firewood % 40 

Burning efficiency of kerosene % 80 

Methane content in biogas % 60 

Methane leakage from the digester % 10 

Density of methane kg.m-3 0.72 Tampio et 

al. (2016) Density of carbon dioxide kg.m-3 1.96 

Density of biogas kg.m-3 1.22 a 

a Calculated 

Table 10.11: Crop residue substrate conversion to biogas. 

Crop Residue type Ybiogas (Nm3
 .kgTS-1) Substrate conversion into 

biogas (kg.kgTS-1) 

Rice Straws 0.440 0.535 

  Husks 0.387 0.470 

Maize Stalks 0.447 0.543 

  Husks 0.397 0.482 

  Cobs 0.580 0.705 
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Potato Stem &leaves 0.240 0.292 

  Peelings 0.548 0.667 

Cassava Stalks 0.320 0.389 

  Peelings 0.538 0.655 

Soybean Straw & pods 0.375 0.456 

Beans Straws & pods 0.315 0.383 

Sweet potato Straw 0.240 0.292 

  Peelings & leaves 0.495 0.602 

Taro Peelings 0.458 0.557 

  Straw 0.278 0.338 

Tobacco Stalks 0.377 0.458 

Cabbage Foliage & stem 0.442 0.537 

 

Table 10.12: Animal manure substrate conversion to biogas. 

Type of livestock Ybiogas (Nm3.kgTS-1) Substrate conversion into 

biogas (kg.kgTS-1) 

Cattle 0.345 0.420 

Goats 0.367 0.446 

Pigs 0.412 0.501 

Poultry 0.367 0.446 

Table 10.13: Digestate potential of the available crop residue. 

Crop residue 

type 

Recoverable 

residue 

 (dry kg.yr-1) 

Digestate 

production (dry 

kg.yr-1) 

N equivalent 

of fertilizer 

 (dry kg.yr-1) 

P equivalent 

of fertilizer 

(dry kg.yr-1) 

K equivalent 

of fertilizer 

(dry kg.yr-1) 

Rice 824 393 20 17 17 

Maize 452 198 10 8 9 

Potato 604 326 17 14 14 

Cassava 40 23 1 1 1 

Soybean 115 63 3 3 3 

Beans 85 53 3 2 2 
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Sweet potato 230 142 7 6 6 

Taro 154 96 5 4 4 

Tobacco 338 183 10 8 8 

Cabbage 271 125 7 5 5 

 Total 3112 1602 83 67 69 

Table 10.14: Digestate potential of the available animal manure. 

Type of 

livestock 

Dry Manure 

recoverable (dry 

kg.yr-1) 

Digestate 

production 

(dry kg.yr-1) 

N equivalent 

of fertilizer 

 (dry kg.yr-1) 

P equivalent of 

fertilizer (dry 

kg.yr-1) 

K equivalent 

of fertilizer 

(dry kg.yr-1) 

Cattle 788.4 457.7 23.8 19.2 19.7 

Goats/Sheep 180.7 100.1 5.2 4.2 4.3 

Pigs 346.9 173.2 9.0 7.3 7.4 

Poultry 11.9 6.6 0.3 0.3 0.3 

Total 1328 738 38 31 32 
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Appendix D: Supplementary information for Chapter 6 

Table 10.15: Normalized criteria matrix and weight. 

 Criteria C-1 C-2 C-3 C-4 C-5 C-6 C-7 C-8 Total Mean (W) 

Scenario 

1 

C-1 0.230 0.215 0.213 0.204 0.315 0.256 0.200 0.225 1.859 0.232 

C-2 0.230 0.215 0.213 0.204 0.210 0.154 0.200 0.225 1.651 0.206 

C-3 0.230 0.215 0.213 0.204 0.210 0.154 0.143 0.225 1.594 0.199 

C-4 0.077 0.072 0.071 0.068 0.052 0.103 0.143 0.038 0.623 0.078 

C-5 0.077 0.108 0.106 0.136 0.105 0.154 0.143 0.150 0.979 0.122 

C-6 0.046 0.072 0.071 0.034 0.035 0.051 0.057 0.038 0.404 0.050 

C-7 0.033 0.031 0.043 0.014 0.021 0.026 0.029 0.025 0.220 0.028 

C-8 0.076 0.072 0.071 0.136 0.052 0.103 0.086 0.075 0.670 0.084 

Scenario 

2 

C-1 0.151 0.189 0.189 0.136 0.178 0.189 0.156 0.136 1.325 0.166 

C-2 0.076 0.094 0.126 0.091 0.133 0.126 0.125 0.091 0.862 0.108 

C-3 0.050 0.047 0.063 0.068 0.089 0.063 0.094 0.068 0.543 0.068 

C-4 0.302 0.283 0.253 0.272 0.222 0.253 0.219 0.272 2.076 0.260 

C-5 0.038 0.031 0.032 0.054 0.044 0.032 0.063 0.054 0.348 0.044 

C-6 0.050 0.047 0.063 0.068 0.089 0.063 0.094 0.068 0.543 0.068 

C-7 0.030 0.024 0.021 0.039 0.022 0.021 0.031 0.039 0.227 0.028 

C-8 0.302 0.283 0.253 0.272 0.222 0.253 0.219 0.272 2.076 0.260 

C-1= Local availability C-2= Cost C-3= Easy of construction C-4= Substrate suitability C-5= Lifespan C-6= Temperature regulation ability C-7= Presence of agitation C-8= Scalability. 
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Table 10.16: Consistency vector matrix calculated from performance matrix (A)* and criteria weights (W). 

  C-1 C-2 C-3 C-4 C-5 C-6 C-7 C-8 Total (X) W X/W 

Scenario 1 C-1 0.232 0.206 0.199 0.234 0.367 0.252 0.193 0.251 1.935 0.232 8.327 

C-2 0.232 0.206 0.199 0.234 0.245 0.151 0.193 0.251 1.712 0.206 8.291 

C-3 0.232 0.206 0.199 0.234 0.245 0.151 0.138 0.251 1.657 0.199 8.312 

C-4 0.077 0.069 0.066 0.078 0.061 0.101 0.138 0.042 0.632 0.078 8.117 

C-5 0.077 0.103 0.100 0.156 0.122 0.151 0.138 0.168 1.015 0.122 8.296 

C-6 0.046 0.069 0.066 0.039 0.041 0.050 0.055 0.042 0.409 0.050 8.100 

C-7 0.033 0.030 0.040 0.016 0.024 0.025 0.028 0.028 0.223 0.028 8.116 

C-8 0.077 0.069 0.066 0.156 0.061 0.101 0.083 0.084 0.696 0.084 8.303 

Scenario 2 C-1 0.166 0.216 0.203 0.130 0.174 0.203 0.142 0.130 1.364 0.166 8.233 

C-2 0.083 0.108 0.136 0.087 0.131 0.136 0.114 0.087 0.879 0.108 8.155 

C-3 0.055 0.054 0.068 0.065 0.087 0.068 0.085 0.065 0.547 0.068 8.061 

C-4 0.331 0.323 0.271 0.260 0.218 0.271 0.199 0.260 2.133 0.260 8.218 

C-5 0.041 0.036 0.034 0.052 0.044 0.034 0.057 0.052 0.349 0.044 8.025 

C-6 0.055 0.054 0.068 0.065 0.087 0.068 0.085 0.065 0.547 0.068 8.061 

C-7 0.033 0.027 0.023 0.037 0.022 0.023 0.028 0.037 0.230 0.028 8.086 

C-8 0.331 0.323 0.271 0.260 0.218 0.271 0.199 0.260 2.133 0.260 8.218 
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Table 10.17: Normalized performance of anaerobic digester alternatives against criteria. 

 

 

 

Criteria 

 

Weight 

Anaerobic Digester Alternative 

Fixed 

dome 

Floating 

drum 

Agam 

fixed 

dome 

LGM EZ DIY 

Biobag 

Puxin AGET Geomembr

ane 

STANDA

RD 

Greenbo

x 

Scenario 1 C-1 0.232 0.070 0.000 0.232 0.151 0.151 0.209 0.186 0.116 0.000 0.000 0.070 

C-2 0.206 0.124 0.155 0.124 0.124 0.124 0.206 0.134 0.103 0.165 0.134 0.021 

C-3 0.199 0.100 0.139 0.199 0.119 0.179 0.179 0.159 0.129 0.139 0.149 0.080 

C-4 0.078 0.055 0.016 0.051 0.047 0.047 0.047 0.055 0.047 0.062 0.008 0.066 

C-5 0.122 0.098 0.098 0.098 0.104 0.085 0.098 0.122 0.104 0.098 0.073 0.098 

C-6 0.050 0.025 0.025 0.005 0.025 0.005 0.025 0.025 0.025 0.015 0.033 0.035 

C-7 0.028 0.003 0.003 0.006 0.003 0.006 0.003 0.011 0.003 0.008 0.017 0.022 

C-8 0.084 0.055 0.008 0.059 0.067 0.067 0.055 0.063 0.055 0.017 0.017 0.000 

Overall score 0.527 0.443 0.772 0.639 0.664 0.821 0.755 0.581 0.504 0.430 0.391 

Rank  7 9 2 5 4 1 3 6 8 10 11 

Scenario 2 C-1 0.166 0.050 0.000 0.166 0.108 0.108 0.149 0.133 0.083 0.000 0.000 0.050 

C-2 0.108 0.065 0.081 0.065 0.065 0.065 0.108 0.070 0.054 0.086 0.070 0.011 

C-3 0.068 0.034 0.048 0.068 0.041 0.061 0.061 0.054 0.041 0.048 0.051 0.027 

C-4 0.260 0.182 0.052 0.169 0.156 0.156 0.156 0.182 0.156 0.208 0.026 0.221 

C-5 0.044 0.035 0.035 0.035 0.037 0.031 0.035 0.044 0.037 0.035 0.026 0.035 

C-6 0.068 0.034 0.034 0.014 0.034 0.014 0.034 0.034 0.034 0.020 0.044 0.048 

C-7 0.028 0.003 0.003 0.006 0.003 0.006 0.003 0.011 0.003 0.008 0.017 0.022 

C-8 0.260 0.156 0.026 0.182 0.143 0.143 0.156 0.208 0.156 0.052 0.052 0.000 

Overall score 0.559 0.279 0.704 0.587 0.583 0.703 0.737 0.564 0.458 0.287 0.414 

 Rank  7 11 2 4 5 3 1 6 8 10 9 
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Table 10.18: Overall score of digester alternative for Scenario 1 sensitivity analysis cases. 

  Anaerobic Digester Alternatives  

  Fixed 

dome 

Floating 

drum 

Agam 

fixed 

dome 

LGM EZ DIY 

Biobag 

Puxin AGET Geomem

brane 

STANDARD Greenbox 

Case 0 0.527 0.443 0.772 0.639 0.664 0.821 0.755 0.581 0.504 0.430 0.391 

Case 1 0.519 0.394 0.631 0.588 0.569 0.681 0.700 0.544 0.488 0.444 0.494 

Case 2 0.507 0.343 0.635 0.585 0.564 0.635 0.707 0.550 0.443 0.414 0.550 

Case 3 0.600 0.750 0.600 0.600 0.600 1.000 0.650 0.500 0.800 0.650 0.100 

Case 4 0.553 0.546 0.618 0.593 0.582 0.818 0.678 0.525 0.621 0.532 0.325 

Case 5 0.550 0.350 0.790 0.650 0.710 0.810 0.740 0.580 0.500 0.340 0.330 
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Table 10.19: Overall score of digester alternative for Scenario 2 sensitivity analysis cases. 

  Anaerobic Digester Alternatives  

  Fixed 

dome 

Floating 

drum 

Agam 

fixed 

dome 

LGM EZ DIY 

Biobag 

Puxin AGET Geomembrane STANDARD Greenbox 

Case 0 0.559 0.279 0.704 0.587 0.583 0.703 0.737 0.564 0.458 0.287 0.414 

Case 1 0.513 0.394 0.644 0.556 0.550 0.675 0.706 0.531 0.488 0.444 0.494 

Case 2 0.500 0.343 0.650 0.550 0.543 0.628 0.714 0.536 0.443 0.414 0.550 

Case 3 0.600 0.750 0.600 0.600 0.600 1.000 0.650 0.500 0.800 0.650 0.100 

Case 4 0.550 0.546 0.625 0.575 0.571 0.814 0.682 0.518 0.621 0.532 0.325 

Case 5 0.540 0.350 0.790 0.600 0.660 0.800 0.750 0.560 0.500 0.340 0.330 
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Appendix E: Supplementary information for Chapter 7 

Table 10.20: Literature survey on ADM1 parameters value. 

References Substrate  Temp. KS,su KS,aa KS,fa KS,c4 KS,pro KS,ac KS,h2 KS,IN Kdec,Xsu Kdec,Xaa Kdec,Xfa Kdec_c4 Kdec,Xpro Kdec,Xac Kdec,Xh2 

[1] Pig manure 37 0.08             0.00011               

[2] OFMSW 34         0.14 0.05 7.79E-06                 

[3] Food Waste 37           0.23     0.001 0.001 0.001 0.001 0.001 0.001 0.001 

[4] 
Municipal wastewater sludge 
(MWWS) 35         0.2 0.25 9.00E-05                 

[5] Muncipal wastewater 35         0.2 0.15 7.00E-06                 

[6] Waste activated sludge (WAS) 37                               

[7] 
Municipal wastewater sludge 
(MWWS) 35 0.5         0.18                   

[8] Slaughterhouse waste 38-39       0.331 0.009 0.017                   

[9] Food waste 32                               

[9] Rice straw 32                               

[10] MWS 35                               

[11] MWS+GTW 37 0.5   0.382 0.193 0.064 0.096                   

[12] Cattle manure                                 

[13] Chicken manure 38                               

[14] Sorghum extract 35                               

[15] Rape 35                               

[15] Sunflower 35                               

[15] Apple pulp 35                               

[15] Orange pulp 35                               

[15] Pear pulp 35                               

[15] Pig manure 35                               

[16] Cattle slurry 35 4.5 0.3   0.6 0.4 0.5                   

[17] Grass Silage 37       0.357 0.392   3.00E-05                 

[18] Cattle manure+REC 38       0.357 0.392   3.00E-05                 

[19] Glucose  35         0.052 0.259                   

[20] Industrial glycerine 38                               

[20] Grass Silage 38                               

[20] Green weed silage 38                               

[20] Maize Silage 38                               

[21] Hydrilla verticillata 35   0.58       0.26                   

[22] 
Olive mill wastewater with olive 
mill solid waste           0.1                     

[23] Sludge waste 30 0.5 0.1 0.4 0.2 0.1 0.15   0.0001               

[24] Cattle manure_SBG 37                           0.131   
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[24] Cattle manure_SU 37                           0.02   

[25] Industrial wastewater 35+2     0.6     0.3                   

[26] WAS+FE 38       0.1 0.1 1.2                   

[26] WAS, 38                               

[26]  Fatty effluent (FE)  38                               

[26] Wastes of grass clippings (GCW) 38                               

[27] Grass Silage 38             5.60E-05                 

[28] Swage sludge+MSW                                 

[29] Microalgae 35 0.5 0.26 0.49                         

[30] WAS 38         0.3 0.088                   

[30] Pig slurry 38         0.077 0.3                   

[31] Cattle manure 38       0.357 0.392   3.00E-05                 

[32] Cattle manure 35                               

[33] Raw WAS 35                               

[33] Pretreated WAS 35                               

[34] Dairy manure + mushroom spent 35 0.05 0.05   0.05 0.05                     

[35] Monoethanolamine 35                               

[35] Monoethanolamine 35                               

[36] Blue algae 35 0.12                             

[37] Cane molasses Vinasses   0.5 0.3   0.2 0.1 0.15 7.00E-06             0.02 0.02 

[38] Rape seedcake 37                               

[38] Sieved manure 37                               

[38] Raw manure 37                               

[39] Wastes    0.5 0.5 0.67     0.4                   

[40] Swine manure 38                               

[41] 
Starch, rapeseed oil and casein 
protein 38                               

[42] Active sludge 35                               

[42] Slurry 35                               

[42] Manure 35                               

[42] Glycerol 35                               

[42] Maize Silage 35                               

[43] Maize silage 39                               

[44] High-solid sludge 37                               

[45] Sludge waste 35+2                               

[46] Ley crop silage 35           0.21 9.80E-06                 

[46] 
OFMSW + Grease 
trap sludge + water 35           0.21 9.80E-06                 

[47] Primary sludge 35         0.2 0.18 1.00E-05                 

[48] Cattle manure                                 

[49] Sewage sludge 35+2                               

[50] Cattle feed waste (CF) 38 0.5 0.5 0.4 3.3 2.1 2.5 5.10E-05                 

[50] Bovine slurry (BS). 38 0.5 0.9 0.4   0.4 0.5 5.10E-05                 
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[8] Slaughter wastes 39         0.009 0.017                   

[51] Dairy manure 35           0.05               0.04   

[18] Cattle manure 38       0.36 0.39   3.00E-05                 

[52] FW 37                               

[52] WAS 37                               

[53] Blue algae                                 

[53] Chlorella vulgaris                                 

[53] Scenedesmus obliquus                                 

[53] CM+REC                                 

[53] Rye                                 

[53] Soybean                                 

[53] Casin                                 

[53] Egg                                 

[53] Galatine                                 

[53] Grass Silage                                 

[53] Maize Silage                                 

[54] Food waste                                 

[54] Cattle manure                                 

[54] Chicken                                 

[55] Brewer's spent grain 35                               

[56] OFMSW 35                               

[57] Olive 37                               

[57] OMSW 37                               

[27] Grass Silage 38             5.60E-05                 

[58] Dairy  35 1.75         0.457                   

[59] Dog food+flour 35         0.3                     

[60] Heterogenouse food waste 35 0.05 0.01 0.024   0.02 0.1 1.00E-06   0.01   0.01   0.001 0.001 0.001 

[34] Dairy manure 35                               

[61] Grass Silage 38             4.20E-05                 

[62] Grass Silage 38                               

[63] Maize silage +Cattle manure 29       0.23 0.15 0.6                   

[64] blood 35                               

[64] punch 35                               

[64] DAF sludge 35                               

[40] Swine manure 38                               

[65] 
EC from SPM with 
molasses 35           0.06                   

[56] OFMSW 35           0.026                   

[67] Maize silage 38 0.5 0.3 0.4 0.3 0.2 0.15 7.00E-06 0.0001 0.02 0.02 0.02 0.02 0.02 0.02 0.02 

[67] Grass silage  38 0.5 0.3 0.4 0.3 0.2 0.15 7.00E-05 0.0001               

[67] Cow manure 38 0.5 0.3 0.4 0.3 0.2 0.15 7.00E-06 0.0001               

[66] Olive 37                               
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[68] Slaughterhouse  33                               

[69] Primary sludge 35                               

[70] Primary sludge 35                               

[70] Primary sludge 35                               

[70] Primary sludge 35                               

[71] Piggery 35                               

[71] Piggery 35                               

[71] Piggery 35                               

[71] Gelatine 35                               

[71] Variouse 34-41         0.06 0.028             0.01 0.012   

[71] Glucose  30                               

[73] Forest soil 30                               

[73] Forest soil 20                               

[73]  Forest soil 15                               

[73] Pond silt 28                               

[73]   Pond silt 15                               

[73] Protieins 28                               

[73] H2/CO2             0.053                   

[74] Stearate 37     0.295               0.01         

[74] Palmitate 37     0.41               0.01         

[74] Myristate 37     1.23               0.01         

[74] Oleate 37     9.21               0.01         

[74] Linoleate 37     5.19               0.01         

[75] Primary sludge 35                               

[75] Primary sludge 35                               

[76] Fish waste 33                               

[77]  Glucose  35-37 0.63     0.298               0.027     0.009 

[77] Glucose  35-38 0.02     0.012 0.056   1.80E-05         0.027       

[77] Acetate             0.011               0.04   

[78] Csaein 35       0.062   0.096       0.02   0.03 0.01 0.02   

[78] Csaein 35       0.08           0.02   0.03 0.01     

[78] Csaein 35                   0.02           

[79] Molassesse 35 1.28     0.28 0.373 0.384 8.80E-05   0.02     0.03 0.01 0.02 0.009 

[80] Cellulose 28       0.45 0.3 0.035               0.02   

[81] Propionate 37           0.107                   

[81] Acetate 37           0.213                   

[82] Pig manure 28                               

[82] Cattle manure 6                               

[82] H2/CO2 28-Jun           0.028               0.01   

[82] Food waste 37                               

[83] Agri-substrates 35                               

[84] Agri-substrates   0.5               0.07             
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References Substrate  Temp. Kdis Khyd,ch Khyd,pr Khyd,li Km,su Km,aa Km,fa Km,c4 Km,pro Km,ac Km,h2 KI,H2-fa 
KI,H2-
C4+ KI,H2-pro KI,NH3 

[1] Pig manure 37 0.17 0.29 0.55 0.3 20   0.9 13 6.5 15           

[2] OFMSW 34         6     13.95               

[3] Food Waste 37 0.16 3               0.99           

[4] 
Municipal wastewater 
sludge (MWWS) 35 0.25               6 5 20       0.0023 

[5] Muncipal wastewater 35 1               9 9       3.5E-06 0.011 

[6] 
Waste activated sludge 
(WAS) 37 0.5 1.017 0.384 0.999                       

[7] 
Municipal wastewater 
sludge (MWWS) 35   1 1 1 35     5 2.2 10           

[8] Slaughterhouse waste 38-39               32.74 4.19 11.2           

[9] Food waste 32 4.167               5.3367 5.337           

[9] Rice straw 32 4.4               6.08 6.08           

[10] MWS 35         20.22 41.12       13.8 26.01         

[11] MWS+GTW 37 0.2 0.75 0.7 2.1 37.4   5.9 14.1 17.1 10.9           

[12] Cattle manure                                 

[13] Chicken manure 38 4.851 0.76 0.7626 0.5296                       

[14] Sorghum extract 35               9.1 13 30           

[15] Rape 35 0.24                             

[15] Sunflower 35 0.23                             

[15] Apple pulp 35 0.15                             

[15] Orange pulp 35 0.29                             

[15] Pear pulp 35 0.18                             

[15] Pig manure 35 0.17                             

[16] Cattle slurry 35         11.9 19.8   12.2 3.5 11.1         0.0223 

[17] Grass Silage 37 0.5             13.7 5.5 7.1           

[18] Cattle manure+REC 38   0.31 0.31 0.31     13.7 5.5   7.1           

[19] Glucose  35                               

[20] Industrial glycerine 38 1.324 1.2516 0.0018 0.0086                       

[20] Grass Silage 38 1.743 0.7366 0.0104 0.0149                       

[20] Green weed silage 38 0.817 0.6659 0.0014 0.0513                       

[20] Maize Silage 38 0.771 0.6865 0.2446 0.1216                       

[21] Hydrilla verticillata 35 0.18   0.62     35       5 28         

[22] 
Olive mill wastewater 
with olive mill solid 
waste   0.03 0.35 0.2 0.063       20 11 21.31         0.0025 

[23] Sludge waste 30         30 50 6 20 13 8   5E-06 0.00001 3.5E-06 0.0018 
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[24] Cattle manure_SBG 37 1       30         20           

[24] Cattle manure_SU 37 0.1       8         30           

[25] Industrial wastewater 35+2 0.05       20 40 4 13   4 25       0.002 

[26] WAS+FE 38             14 12 7.8 4.8           

[26] WAS, 38       0.15                       

[26]  Fatty effluent (FE)  38       0.45                       

[26] 
Wastes of grass 
clippings (GCW) 38       0.3                       

[27] Grass Silage 38                   4.4     5E-08 4.6E-08   

[28] Swage sludge+MSW   0.406                             

[29] Microalgae 35   3.18 1.04 3.07                       

[30] WAS 38                 13 2.73           

[30] Pig slurry 38                 7.8 2.51           

[31] Cattle manure 38   0.31 0.31 0.31       13.7 5.5 7.1           

[32] Cattle manure 35                               

[33] Raw WAS 35 0.24 2.38 4.42 1.49                       

[33] Pretreated WAS 35 5.6 0.72 1.07 3.91                       

[34] 
Dairy manure + 
mushroom spent 35 0.45 10 10   30 50   20 13 8 35         

[35] Monoethanolamine 35   10                         0.0018 

[35] Monoethanolamine 35   6                         0.0018 

[36] Blue algae 35               16.95   5.64           

[37] Cane molasses Vinasses           30   6 20 16 12 43         

[38] Rape seedcake 37 0.772 0.5478 0.5695 0.304                       

[38] Sieved manure 37 0.469 0.75 0.065 0.001                       

[38] Raw manure 37                               

[39] Wastes    0.499 10.008 10.008 10.008 30 30 3.6     4.008           

[40] Swine manure 38     0.003 3E-05     0.93 13.1 6.56 45.02           

[41] 
Starch, rapeseed oil 
and casein protein 38 0.5 0.25 0.2 0.2152                       

[42] Active sludge 35 0.5 10 10 10                       

[42] Slurry 35 0.5 0.019 0.025 0.022                       

[42] Manure 35 0.5 0.0019 0.025 0.022                       

[42] Glycerol 35 1.324 1.2516 0.0018 0.0086                       

[42] Maize Silage 35 0.771 0.6865 0.2446 0.1216                       

[43] Maize silage 39 0.5 10 10 10                       

[44] High-solid sludge 37                               

[45] Sludge waste 35+2                               

[46] Ley crop silage 35   3               8 21         

[46] 
OFMSW + Grease 
trap sludge + water 35   3               8 21         
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[47] Primary sludge 35 0.67 6.37   8.23         10 4.57 25         

[48] Cattle manure                                 

[49] Sewage sludge 35+2 0.101 10 9.99 10                       

[50] Cattle feed waste (CF) 38         11 3.5 1.1 15 9 6 35         

[50] Bovine slurry (BS). 38         30 2.2 1.1 18 7.9 3 35         

[8] Slaughter wastes 39                 4.19 11.2           

[51] Dairy manure 35                   20           

[18] Cattle manure 38   0.31 0.31 0.31       13.7   7.1           

[52] FW 37                               

[52] WAS 37                               

[53] Blue algae                                 

[53] Chlorella vulgaris                                 

[53] Scenedesmus obliquus                                 

[53] CM+REC                                 

[53] Rye                                 

[53] Soybean                                 

[53] Casin                                 

[53] Egg                                 

[53] Galatine                                 

[53] Grass Silage                                 

[53] Maize Silage                                 

[54] Food waste   1.043 1.044 0.233 0.98                       

[54] Cattle manure   1.54 0.037 0.099 0.225                       

[54] Chicken                                 

[55] Brewer's spent grain 35 0.823 0.941 1.056 0.124                       

[56] OFMSW 35                               

[57] Olive 37 0.006                             

[57] OMSW 37 0.001                             

[27] Grass Silage 38   0.5 0.8 0.5           4.4   7E-08   4.6E-08   

[58] Dairy  35   2.75 0.15   97.96 42 7 60 100 42.78 88.89         

[59] Dog food+flour 35 1               12.5 6.5           

[60] 
Heterogenouse food 
waste 35         40       16.25 19 33.3     0.000004   

[34] Dairy manure 35 0.365   18.23             16.34           

[61] Grass Silage 38 0.26             13       5E-08   4.6E-08 0.0084 

[62] Grass Silage 38   0.6 0.6 0.6                       

[63] 
Maize silage +Cattle 
manure 29 0.1               8.5 7.64     1E-08 2.4E-08 0.0003 

[64] blood 35 0.31                             

[64] punch 35 0.125                             

[64] DAF sludge 35 0.103   0.3 0.1                       
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[40] Swine manure 38             0.93 13.1 6.56 45.02           

[65] 
EC from SPM with 
molasses 35                   13.2           

[56] OFMSW 35                   8.16           

[67] Maize silage 38   10 10 10 30 50 6 20 4 4.1 5 5E-06 0.00001 3.5E-06 0.0018 

[67] Grass silage  38   10 10 10 30 50 6 20 13 6.8 35 5E-06 7.5E-08 8.7E-08 0.005 

[67] Cow manure 38 0.05       30 50 6 20 13 3.6 35 5E-06 0.00001 3.5E-06 0.0018 

[66] Olive 37                   9         0.0028 

[68] Slaughterhouse  33     0.29 0.12                       

[69] Primary sludge 35     0.2                         

[70] Primary sludge 35   0.3 0.28                         

[70] Primary sludge 35   0.41 0.39                         

[70] Primary sludge 35   0.58 0.58                         

[71] Piggery 35   0.28 0.68                         

[71] Piggery 35   0.19 0.35                         

[71] Piggery 35   0.13 0.24                         

[71] Gelatine 35     2.7                         

[71] Variouse 34-41   0.041 0.02 0.04         0.16 3.1           

[71] Glucose  30         51                     

[73] Forest soil 30 0.54                             

[73] Forest soil 20 0.2                             

[73]  Forest soil 15 0.065                             

[73] Pond silt 28 0.013                             

[73]   Pond silt 15 0.004                             

[73] Protieins 28     0.12                         

[73] H2/CO2                     2.7           

[74] Stearate 37             1.88     0.3           

[74] Palmitate 37             2.03                 

[74] Myristate 37             1.6                 

[74] Oleate 37             8.17                 

[74] Linoleate 37             10                 

[75] Primary sludge 35   1.94 0.1 0.17                       

[75] Primary sludge 35   0.21 0.0096 0.0096                       

[76] Fish waste 33     0.125                         

[77]  Glucose  35-37         125     14   19 64         

[77] Glucose  35-38         29     5.3   3.4 1.68         

[77] Acetate                                 

[78] Csaein 35           36   22 20 8.6     8E-06 0.000008   

[78] Csaein 35           28   32         8E-06     

[78] Csaein 35           53                   

[79] Molassesse 35         120     41 15 9.4 43   8E-06 0.000008   
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[80] Cellulose 28   0.15               6.4           

[81] Propionate 37                 53 19           

[81] Acetate 37                   7.9           

[82] Pig manure 28 0.096                             

[82] Cattle manure 6 0.13                             

[82] 
H2/CO2 

28-
Jun                   4.07           

[82] Food waste 37 0.41                             

[83] Agri-substrates 35                   11           

[84] Agri-substrates   0.5                             

 

References Substrate  Temp. pH_UL_aa pH_LL_aa pH_UL_acet pH_LL_acet pH_UL_ac pH_LL_ac pH_UL_h2 pH_LL_h2 Ysu Yaa Yfa Yc4 Ypro Yac Yh2 

[1] Pig manure 37                               

[2] OFMSW 34         7.5                     

[3] Food Waste 37                               

[4] 
Municipal wastewater sludge 
(MWWS) 35                               

[5] Muncipal wastewater 35                               

[6] Waste activated sludge (WAS) 37                               

[7] 
Municipal wastewater sludge 
(MWWS) 35                             0.05 

[8] Slaughterhouse waste 38-39                               

[9] Food waste 32                               

[9] Rice straw 32                               

[10] MWS 35                               

[11] MWS+GTW 37                               

[12] Cattle manure                                 

[13] Chicken manure 38                               

[14] Sorghum extract 35                               

[15] Rape 35                               

[15] Sunflower 35                               

[15] Apple pulp 35                               

[15] Orange pulp 35                               

[15] Pear pulp 35                               

[15] Pig manure 35                               

[16] Cattle slurry 35                               

[17] Grass Silage 37                               

[18] Cattle manure+REC 38 8 6                         

[19] Glucose  35                       0.02 0.05 0.1   

[20] Industrial glycerine 38                               
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[20] Grass Silage 38                               

[20] Green weed silage 38                               

[20] Maize Silage 38                               

[21] Hydrilla verticillata 35                               

[22] 
Olive mill wastewater with olive 
mill solid waste                                

[23] Sludge waste 30                               

[24] Cattle manure_SBG 37                               

[24] Cattle manure_SU 37                               

[25] Industrial wastewater 35+2                               

[26] WAS+FE 38                               

[26] WAS, 38                               

[26]  Fatty effluent (FE)  38                               

[26] Wastes of grass clippings (GCW) 38                               

[27] Grass Silage 38                               

[28] Swage sludge+MSW                                 

[29] Microalgae 35           5.2   5.2               

[30] WAS 38                               

[30] Pig slurry 38                               

[31] Cattle manure 38 8 6                         

[32] Cattle manure 35                               

[33] Raw WAS 35                               

[33] Pretreated WAS 35                               

[34] 
Dairy manure + mushroom 
spent 35                 0.1 0.08   0.06 0.04 0.1 0.06 

[35] Monoethanolamine 35                 0.1             

[35] Monoethanolamine 35                 0.1             

[36] Blue algae 35                 0.1     0.05       

[37] Cane molasses Vinasses                   0.1 0.08 0.06 0.06 0.04 0.1 0.07 

[38] Rape seedcake 37                               

[38] Sieved manure 37                               

[38] Raw manure 37                               

[39] Wastes                    0.1 0.1 0.06         

[40] Swine manure 38                               

[41] 
Starch, rapeseed oil and casein 
protein 38                               

[42] Active sludge 35                               

[42] Slurry 35                               

[42] Manure 35                               

[42] Glycerol 35                               

[42] Maize Silage 35                               

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



252 

 

 

[43] Maize silage 39                               

[44] High-solid sludge 37                               

[45] Sludge waste 35+2                               

[46] Ley crop silage 35                               

[46] 
OFMSW + Grease 
trap sludge + water 35                               

[47] Primary sludge 35                               

[48] Cattle manure                                 

[49] Sewage sludge 35+2                               

[50] Cattle feed waste (CF) 38                               

[50] Bovine slurry (BS). 38                               

[8] Slaughter wastes 39                               

[51] Dairy manure 35                           0.1   

[18] Cattle manure 38 8 6                         

[52] FW 37                               

[52] WAS 37                               

[53] Blue algae                                 

[53] Chlorella vulgaris                                 

[53] Scenedesmus obliquus                                 

[53] CM+REC                                 

[53] Rye                                 

[53] Soybean                                 

[53] Casin                                 

[53] Egg                                 

[53] Galatine                                 

[53] Grass Silage                                 

[53] Maize Silage                                 

[54] Food waste                                 

[54] Cattle manure                                 

[54] Chicken                                 

[55] Brewer's spent grain 35                               

[56] OFMSW 35                               

[57] Olive 37                               

[57] OMSW 37                               

[27] Grass Silage 38                               

[58] Dairy  35                 0             

[59] Dog food+flour 35                               

[60] Heterogenouse food waste 35                               

[34] Dairy manure 35                               

[61] Grass Silage 38 8.5 6                           

[62] Grass Silage 38                               
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[63] Maize silage +Cattle manure 29                               

[64] blood 35                               

[64] punch 35                               

[64] DAF sludge 35                               

[40] Swine manure 38                               

[65] 
EC from SPM with 
molasses 35                               

[56] OFMSW 35                               

[67] Maize silage 38 5.5 4 5.5 4 7 6 6 5 0.1 0.08 0.06 0.06 0.04 0.1 0.06 

[67] Grass silage  38 5.5 4 5.5 4 7 6 6 5 0.1 0.08 0.06 0.06 0.04 0.1 0.06 

[67] Cow manure 38 5.5 4 5.5 4 7 6 6 5 0.1 0.08 0.06 0.06 0.04 0.1 0.06 

[66] Olive 37                               

[68] Slaughterhouse  33                               

[69] Primary sludge 35                               

[70] Primary sludge 35                               

[70] Primary sludge 35                               

[70] Primary sludge 35                               

[71] Piggery 35                               

[71] Piggery 35                               

[71] Piggery 35                               

[71] Gelatine 35                               

[71] Variouse 34-41                         0.03 0   

[71] Glucose  30                 0.1             

[73] Forest soil 30                               

[73] Forest soil 20                               

[73]  Forest soil 15                               

[73] Pond silt 28                               

[73]   Pond silt 15                               

[73] Protieins 28                               

[73] H2/CO2                             0.1   

[74] Stearate 37                     0.06         

[74] Palmitate 37                     0.05         

[74] Myristate 37                     0.05         

[74] Oleate 37                     0.05         

[74] Linoleate 37                     0.06         

[75] Primary sludge 35                               

[75] Primary sludge 35                               

[76] Fish waste 33                               

[77]  Glucose  35-37                 0.2     0.07     0.19 

[77] Glucose  35-38                 0     0.07     0.01 

[77] Acetate                             0   
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[78] Csaein 35 5.5 4 5.5 4 7 6       0.09     0.06 0   

[78] Csaein 35 5.5 4               0.09           

[78] Csaein 35 7.2 5 6 4           0.09           

[79] Molassesse 35     5.5 4 7 6 6 5 0.1     0.07 0.06 0 0.06 

[80] Cellulose 28                           0.1   

[81] Propionate 37                         0.02 0   

[81] Acetate 37                           0   

[82] Pig manure 28                               

[82] Cattle manure 6                               

[82] H2/CO2 28-Jun                           0   

[82] Food waste 37                               

[83] Agri-substrates 35                               

[84] Agri-substrates                                 
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Table 10.21: Literature survey ADM1 Kinetic parameters acronyms. 

Parameter Description Units Category  

kdis Disintegration  d-1 First order constants 

for disintegration and 

hydrolysis 
Khyd,pr Hydrolysis of proteins d-1 

Khyd,ch Hydrolysis of carbohydrates d-1 

Khyd,li Hydrolysis of lipids d-1 

Km,aa Uptake rate for amino acids kgCOD_aa/kgCOD_X Monod maximum 

specific uptake rate 
Km,su Uptake rate for sugar kgCOD_su/kgCOD_X 

Km,fa Uptake rate for fatty acids kgCOD_fa/kgCOD_X 

Km,h2 Uptake rate for hydrogen kgCOD_h2/kgCOD_X 

Km,c4 Uptake rate for C4+ kgCOD_c4/kgCOD_X 

Km,pro Uptake rate for propionate kgCOD_pro/kgCOD_X 

Km,ac Uptake rate for acetate kgCOD_ac/kgCOD_X 

KS,aa HSC for amino acids (mesophilic) kgCOD/m3 Half saturation 

constants (HSC) 
KS,su HSC for sugars kgCOD/m3 

KS,fa HSC for fatty acids kgCOD/m3 

KS,c4 HSC for C4+ acids kgCOD/m3 

KS,h2 HSC for hydrogen kgCOD/m3 

KS,pro HSC for propionate kgCOD/m3 

KS,ac HSC for acetate kgCOD/m3 

KS,IN HSC for inorganic nitrogen kmole/m3 

Kdec,Xaa Decay rate for amino acids degraders d-1 First order decay rates 

Kdec,Xsu Decay rate for sugar degraders d-1 

Kdec,Xfa Decay rate for fatty acids degraders d-1 

Kdec,Xpro Decay rate for propionate degraders d-1 

Kdec,Xc4 Decay rate for C4+ degraders d-1 

Kdec,Xh2 Decay rate for hydrogen degraders d-1 

Kdec,Xac Decay rate for acetate degraders d-1 

KI,H2-pro Inhibitory hydrogen concentration 

for propionate degraders 

kgCOD/m3 pH limits for inhibition 

KI,H2-fa Inhibitory hydrogen concentration 

for LCFA degraders 

kgCOD/m3 
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KI,H2-C4+ Inhibitory hydrogen concentration 

for C4+ degraders 

kgCOD/m3 

KI,NH3 Inhibitory free ammonia 

concentration for degraders 

kgCOD/m3 

pH_UL_aa Inhibition factors for all acidogenic 

and acetogenic bacteria  

- 

pH_LL_aa - 

pH_UL_h2 Inhibition factors for all acidogenic 

and acetogenic bacteria except 

methanogen-specific 

- 

pH_LL_h2 - 

pH_UL_ac Inhibition factors for all acidogenic 

and acetogenic bacteria except 

methanogen-specific 

- 

pH_LL_ac - 

Yaa Yield for amino acids kgCOD_X/kgCOD_aa Substrate yields 

Ysu Yield for sugars kgCOD_X/kgCOD_su 

Yfa Yield for fatty acids kgCOD_X/kgCOD_fa 

Yh2 Yield for hydrogen kgCOD_X/kgCOD_h2 

Yc4 Yield for C4+ acids kgCOD_X/kgCOD_c4 

Ypro Yield for propionate kgCOD_X/kgCOD_pro 

Yac Yield for acetate kgCOD_X/kgCOD_ac 

 

Table 10.22: Code for ADM1 as implementated in MATLAB. 

I) ADM1 

%% ADM1: MAIN 

clc 

clear  

  

%% Read data from Excel 

% Ensure that the Excel file is closed before running the MATLAB code 

filename = 'ADM1_inputNew.xlsx'; 

[~,Input_DATA.Name] = xlsread(filename,'Inputs','A1:A29'); 

Input_DATA.U        = xlsread(filename,'Inputs','B1:B29'); 

Input_DATA.Yss      = xlsread(filename,'SteadyStateOutputs','B1:B30'); 

[~,Param_DATA.Name]     = xlsread(filename,'Parameters','A1:A102'); 

Param_DATA.Value    = xlsread(filename,'Parameters','B1:B102'); 

  

for k = 1 : 29 

    eval(['IN.',Input_DATA.Name{k},' = ', num2str(Input_DATA.U(k)),';']); 

    eval(['SS.',Input_DATA.Name{k},' = ', num2str(Input_DATA.Yss(k)),';']); 

end 

SS.pH = Input_DATA.Yss(end); 

  

%% 

Parameters    = funcADM1_ParameterSpec(Param_DATA); 
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funcRate      = funcADM1_RateDefinition;     % Rate = @(S, X, pH, 

Parameters) 

ChargeBalance = funcADM1_ChargeBalanceDefinition; 

[matStoich, compDescrp] = funcADM1_StoichMatrixConstruction(Parameters); 

%% 

U  = Input_DATA.U; 

Y0 = Input_DATA.Yss(1:29); 

[t,Ymat] = ode23s(@(t,Y) funcADM1_ODE(Y, U, funcRate, matStoich, 

ChargeBalance, Parameters), ... 

               [0 364], Y0); 

  

%% Store results in useful structures 

for k = 1 : length(t) 

    [S, X] = funcADM1_stateUnpack(Ymat(k,:)); 

    time_series.pH(k)   = fzero(@(pH) ChargeBalance.funcZero(10.^-pH, S, 

Parameters), 7); 

    time_series.Pgas(k) = Parameters.Amb.pH2O + 

S.ch4g*Parameters.Amb.R*Parameters.Amb.T/64 ... 

                                              + 

S.co2g*Parameters.Amb.R*Parameters.Amb.T/1 ... 

                                              + S.h2g 

*Parameters.Amb.R*Parameters.Amb.T/16; 

    time_series.Qgas(k) = Parameters.Process.kp * (time_series.Pgas(k) - 

Parameters.Amb.P) * (time_series.Pgas(k)/Parameters.Amb.P); 

    time_series.yCH4(k) =  (S.ch4g*Parameters.Amb.R*Parameters.Amb.T/ 64/ 

time_series.Pgas(k)); 

    time_series.yCO2(k) =  (S.co2g*Parameters.Amb.R*Parameters.Amb.T/1 / 

time_series.Pgas(k)); 

    time_series.yH2(k) =  (S.h2g*Parameters.Amb.R*Parameters.Amb.T/16 / 

time_series.Pgas(k)); 

    time_series.VFA(k) =  (S.va/208+S.bu/160+S.pro/112+S.ac/64)*1000; 

%   time_series.Alkalinity(k) = 

(S.va/208+S.bu/160+S.pro/112+S.ac/64+Shco3)*1000; 

    time_series.NH4(k) =  S.IN; 

    time_series.C(k) =  S.IC; 

     

    for l = 1 : 29 

        eval(['time_series.',compDescrp{l},'(k) = ',compDescrp{l},';']); 

    end 

end 

  

%% Store final steady state results 

[S, X] = funcADM1_stateUnpack(Ymat(k,:)); 

final.pH   = fzero(@(pH) ChargeBalance.funcZero(10.^-pH, S, Parameters), 

7); 

final.Pgas = Parameters.Amb.pH2O 

+S.ch4g*Parameters.Amb.R*Parameters.Amb.T/64 ... 

                                 + 

S.co2g*Parameters.Amb.R*Parameters.Amb.T/1 ... 

                                 

+S.h2g*Parameters.Amb.R*Parameters.Amb.T/16; 

final.Qgas = Parameters.Process.kp * (time_series.Pgas(k) - 

Parameters.Amb.P) * (time_series.Pgas(k)/Parameters.Amb.P); 

  

for l = 1 : 29 

    eval(['final',compDescrp{l},' = ',compDescrp{l},';']); 

end 

  

final.yCH4 = (finalS.ch4g*Parameters.Amb.R*Parameters.Amb.T/64 / 

final.Pgas); 

final.yCO2 = (finalS.co2g*Parameters.Amb.R*Parameters.Amb.T/1/ final.Pgas); 
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writetable(struct2table(final), 'MainResults.xlsx') 

 

II) funcADM1_StoichMatrixConstruction 

function [matStoich, dscrp] = funcADM1_StoichMatrixConstruction(Parameters) 

% ADM1: Creation of rate coefficient matrix 

[f, Y, N, Ci, Process] = funcADM1_paramUnpack(Parameters); 

  

k = 1; dscrp{k} = 'S.su'; 

S.su.j = [2; 4; 5];     S.su.i = k*ones(eval(['length(',dscrp{k},'.j)']), 

1); 

S.su.v = [1; 1-f.fa.li; -1]; 

  

k = 2; dscrp{k} = 'S.aa'; 

S.aa.j = [3; 6];        S.aa.i = k*ones(eval(['length(',dscrp{k},'.j)']), 

1); 

S.aa.v = [1; -1]; 

  

k = 3; dscrp{k} = 'S.fa'; 

S.fa.j = [4; 7];        S.fa.i = k*ones(eval(['length(',dscrp{k},'.j)']), 

1); 

S.fa.v = [f.fa.li; -1]; 

  

k = 4; dscrp{k} = 'S.va'; 

S.va.j = [6; 8];        S.va.i = k*ones(eval(['length(',dscrp{k},'.j)']), 

1); 

S.va.v = [(1-Y.aa)*f.va.aa; -1]; 

  

k = 5; dscrp{k} = 'S.bu'; 

S.bu.j = [5; 6; 9];     S.bu.i = k*ones(eval(['length(',dscrp{k},'.j)']), 

1); 

S.bu.v = [(1-Y.su)*f.bu.su; (1-Y.aa)*f.bu.aa; -1]; 

  

k = 6; dscrp{k} = 'S.pro'; 

S.pro.j = [5; 6; 8; 10];S.pro.i = 

k*ones(eval(['length(',dscrp{k},'.j)']),1); 

S.pro.v = [(1-Y.su)*f.pro.su; (1-Y.aa)*f.pro.aa; (1-Y.c4)*0.54; -1]; 

  

k = 7; dscrp{k} = 'S.ac'; 

S.ac.j = [5; 6; 7; 8; 9; 10; 11];S.ac.i = 

k*ones(eval(['length(',dscrp{k},'.j)']), 1); 

S.ac.v = [(1-Y.su)*f.ac.su; (1-Y.aa)*f.ac.aa; (1-Y.fa)*0.7; (1-Y.c4)*0.31; 

(1-Y.c4)*0.8; (1-Y.pro)*0.57; -1]; 

  

k = 8; dscrp{k} = 'S.h2'; 

S.h2.j = [5; 6; 7; 8; 9; 10; 12; 22]; S.h2.i = 

k*ones(eval(['length(',dscrp{k},'.j)']), 1); 

S.h2.v = [(1-Y.su)*f.h2.su; (1-Y.aa)*f.h2.aa; (1-Y.fa)*0.3; (1-Y.c4)*0.15; 

(1-Y.c4)*0.2; (1-Y.pro)*0.43; -1; -1]; 

  

k = 9; dscrp{k} = 'S.ch4';S.ch4.j = [11; 12; 20];S.ch4.i = 

k*ones(eval(['length(',dscrp{k},'.j)']), 1);S.ch4.v = [(1-Y.ac); (1-Y.h2); 

-1]; 

  

% Component 10 = IC = inorganic carbon, calculation done right at the end 

  

k = 11; dscrp{k} = 'S.IN'; 

S.IN.j = [1; 5; 6; 7; 8; 9; 10; 11; 12];  S.IN.i = 

k*ones(eval(['length(',dscrp{k},'.j)']), 1); 

S.IN.v = [N.xc; -Y.su*N.bac; N.aa-Y.aa*N.bac; -Y.fa*N.bac; -Y.c4*N.bac; -

Y.c4*N.bac; -Y.pro*N.bac; -Y.ac*N.bac; -Y.h2*N.bac;]; 
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k = 12; dscrp{k} = 'S.I'; 

S.I.j = 1;              S.I.i = k*ones(eval(['length(',dscrp{k},'.j)']), 

1); 

S.I.v = [f.sI.xc]; 

  

k = 13; dscrp{k} = 'X.c'; 

X.c.j = [1; (13:19).']; X.c.i = k*ones(eval(['length(',dscrp{k},'.j)']), 

1); 

X.c.v = [-1; ones(7,1)]; 

  

k = 14; dscrp{k} = 'X.ch'; 

X.ch.j = [1; 2];        X.ch.i = k*ones(eval(['length(',dscrp{k},'.j)']), 

1); 

X.ch.v = [f.ch.xc; -1]; 

  

k = 15; dscrp{k} = 'X.pr'; 

X.pr.j = [1; 3];        X.pr.i = k*ones(eval(['length(',dscrp{k},'.j)']), 

1); 

X.pr.v = [f.pr.xc; -1]; 

  

k = 16; dscrp{k} = 'X.li'; 

X.li.j = [1; 4];        X.li.i = k*ones(eval(['length(',dscrp{k},'.j)']), 

1); 

X.li.v = [f.li.xc; -1]; 

  

k = 17; dscrp{k} = 'X.su'; 

X.su.j = [5; 13];       X.su.i = k*ones(eval(['length(',dscrp{k},'.j)']), 

1); 

X.su.v = [Y.su; -1]; 

  

k = 18; dscrp{k} = 'X.aa'; 

X.aa.j = [6; 14];       X.aa.i = k*ones(eval(['length(',dscrp{k},'.j)']), 

1); 

X.aa.v = [Y.aa; -1]; 

  

k = 19; dscrp{k} = 'X.fa'; 

X.fa.j = [7; 15];       X.fa.i = k*ones(eval(['length(',dscrp{k},'.j)']), 

1); 

X.fa.v = [Y.fa; -1]; 

  

k = 20; dscrp{k} = 'X.c4'; 

X.c4.j = [8; 9; 16];    X.c4.i = k*ones(eval(['length(',dscrp{k},'.j)']), 

1); 

X.c4.v = [Y.c4; Y.c4; -1]; 

  

k = 21; dscrp{k} = 'X.pro'; 

X.pro.j = [10; 17];     X.pro.i = k*ones(eval(['length(',dscrp{k},'.j)']), 

1); 

X.pro.v = [Y.pro; -1]; 

  

k = 22; dscrp{k} = 'X.ac'; 

X.ac.j = [11; 18];      X.ac.i = k*ones(eval(['length(',dscrp{k},'.j)']), 

1); 

X.ac.v = [Y.ac; -1]; 

  

k = 23; dscrp{k} = 'X.h2'; 

X.h2.j = [12; 19];      X.h2.i = k*ones(eval(['length(',dscrp{k},'.j)']), 

1); 

X.h2.v = [Y.h2; -1]; 
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k = 24; dscrp{k} = 'X.I'; 

X.I.j = 1;              X.I.i = k*ones(eval(['length(',dscrp{k},'.j)']), 

1); 

X.I.v = [f.xI.xc]; 

  

k = 25; dscrp{k} = 'S.cat'; 

k = 26; dscrp{k} = 'S.an'; 

  

k = 27; dscrp{k} = 'S.ch4g'; 

S.ch4g.j = 20;        S.ch4g.i = k*ones(eval(['length(',dscrp{k},'.j)']), 

1); 

S.ch4g.v = Process.Vl/Process.Vg; 

  

k = 28; dscrp{k} = 'S.co2g'; 

S.co2g.j = 21;        S.co2g.i = k*ones(eval(['length(',dscrp{k},'.j)']), 

1); 

S.co2g.v = Process.Vl/Process.Vg; 

  

k = 29; dscrp{k} = 'S.h2g'; 

S.h2g.j = 22;         S.h2g.i = k*ones(eval(['length(',dscrp{k},'.j)']), 

1); 

S.h2g.v = Process.Vl/Process.Vg; 

  

  

i = []; j = []; v = []; 

for k = [(1:9) (11:24) (27:29)] 

    i = [i; eval(['',dscrp{k},'.i'])]; 

    j = [j; eval(['',dscrp{k},'.j'])]; 

    v = [v; eval(['',dscrp{k},'.v'])]; 

end 

  

matStoich = sparse(i, j, v, 29, 22); 

  

k = 10; dscrp{k} = 'S.IC'; 

S.IC.j = [5; 6; 10; 11; 12; 21]; S.IC.i = 

k*ones(eval(['length(',dscrp{k},'.j)']), 1); 

S.IC.v = [-(matStoich([(1:9) (11:24)], [5 6 10 11 12]) ).'*Ci([(1:9) 

(11:24)]); -1]; 

  

matStoich = matStoich + sparse(S.IC.i, S.IC.j, S.IC.v, 29, 22); 

  

%Stoich.S = S; Stoich.X = X; Stoich.dscrp = dscrp; Stoich.Mat = Mat; 

 

III) funcADM1_stateUnpack 

function [S, X] = funcADM1_stateUnpack(Y) 

S.su  = Y(1); 

S.aa  = Y(2); 

S.fa  = Y(3); 

S.va  = Y(4); 

S.bu  = Y(5); 

S.pro = Y(6); 

S.ac  = Y(7); 

S.h2  = Y(8); 

S.ch4 = Y(9); 

S.IC  = Y(10); 

S.IN  = Y(11); 

S.I   = Y(12); 

  

X.c   = Y(13); 

X.ch  = Y(14); 
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X.pr  = Y(15); 

X.li  = Y(16); 

X.su  = Y(17); 

X.aa  = Y(18); 

X.fa  = Y(19); 

X.c4  = Y(20); 

X.pro = Y(21); 

X.ac  = Y(22); 

X.h2  = Y(23); 

X.I   = Y(24); 

  

S.cat = Y(25); 

S.an  = Y(26); 

  

S.ch4g = Y(27); 

S.co2g = Y(28); 

S.h2g  = Y(29); 

 

IV) funcADM1_RateDefinition 

function funcRate = funcADM1_RateDefinition 

% ADM1: Definition of rate equations 

  

func.Monod        = @(S, IN, xx) xx.k.m * S/(xx.KS + S) * IN/(xx.KIN + IN); 

func.S_Inhibit    = @(S, xx)              1/(1 + S/xx.KIS); 

func.S_Compete    = @(S1,S2)              1/(1 + S1/S2); 

  

% Inhibition functions as per the original ADM1 

% func.pH_Inhibit1  = @(pH, xx)  (  1 + 2*10^(0.5*(xx.pH.LL - xx.pH.HL))  ) 

... 

%                                  / (  1 + 10^(pH - xx.pH.HL) + 

10^(xx.pH.LL - pH)  ); 

% func.pH_Inhibit2  = @(pH, xx)   (pH <  xx.pH.HL) * exp( -3*( (pH - 

xx.pH.HL)/(xx.pH.HK - xx.pH.LL) )^2 ) ... 

%                                    + (pH >= xx.pH.HL); 

% 

% Inhibition function as per BSM2 

func.na         = @(xx)     (3 / (xx.pH.UL - xx.pH.LL)); 

func.KpH        = @(xx)     (10^-((xx.pH.LL + xx.pH.UL)/2)); 

func.pH_Inhibit = @(pH, xx)     func.KpH(xx).^func.na(xx) ... 

                            / ( (10.^-pH).^func.na(xx) + 

func.KpH(xx).^func.na(xx) ); 

  

func.Hydro   = @(X, k) k*X; 

                             

func.Uptake.su  = @(S, X, pH, su)  func.Monod(S.su, S.IN, su) * X.su ... 

                                  *func.pH_Inhibit(pH, su); 

func.Uptake.aa  = @(S, X, pH, aa)  func.Monod(S.aa, S.IN, aa) * X.aa ... 

                                  *func.pH_Inhibit(pH, aa); 

  

func.Uptake.fa  = @(S, X, pH, fa)  func.Monod(S.fa, S.IN, fa) * X.fa ... 

                                  *func.pH_Inhibit(pH, fa)          ... 

                                  *func.S_Inhibit(S.h2, fa); 

  

func.Uptake.va  = @(S, X, pH, va)  func.Monod(S.va, S.IN, va) * X.c4 ... 

                                  *func.S_Compete(S.bu, S.va)        ... 

                                  *func.pH_Inhibit(pH, va)          ... 

                                  *func.S_Inhibit(S.h2, va); 

func.Uptake.bu  = @(S, X, pH, bu)  func.Monod(S.bu, S.IN, bu) * X.c4 ... 

                                  *func.S_Compete(S.va, S.bu)        ... 

                                  *func.pH_Inhibit(pH, bu)          ... 
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                                  *func.S_Inhibit(S.h2, bu); 

  

func.Uptake.pro = @(S, X, pH, pro) func.Monod(S.pro, S.IN, pro)* X.pro ... 

                                  *func.pH_Inhibit(pH, pro)          ... 

                                  *func.S_Inhibit(S.h2, pro); 

  

func.Uptake.ac  = @(S, X, pH, ac, KA)  func.Monod(S.ac, S.IN, ac)* X.ac ... 

                                      *func.pH_Inhibit(pH, ac)          ... 

                                      *func.S_Inhibit(S.IN*(1 - (10^-

pH)/(KA + 10^-pH)), ac); 

  

func.Uptake.h2  = @(S, X, pH, h2)  func.Monod(S.h2, S.IN, h2)* X.h2 ... 

                                  *func.pH_Inhibit(pH, h2); 

  

func.Decay = @(X, k) k*X; 

  

func.Transfer = @(Sliq, Sgas, KLA, KH, R, T) KLA*(Sliq - KH*R*T*Sgas); 

  

funcRate = @(S, X, pH, P) [func.Hydro(X.c,  P.k.hyd.c);      ... 

                           func.Hydro(X.ch, P.k.hyd.ch);     ... 

                           func.Hydro(X.pr, P.k.hyd.pr);     ... 

                           func.Hydro(X.li, P.k.hyd.li);     ... 

                           func.Uptake.su(S, X, pH, P.su);   ...  

                           func.Uptake.aa(S, X, pH, P.aa);   ... 

                           func.Uptake.fa(S, X, pH, P.fa);   ... 

                           func.Uptake.va(S, X, pH, P.va);   ... 

                           func.Uptake.bu(S, X, pH, P.bu);   ... 

                           func.Uptake.pro(S, X, pH, P.pro); ... 

                           func.Uptake.ac(S, X, pH, P.ac, P.KA.NH4);   ... 

                           func.Uptake.h2(S, X, pH, P.h2);   ... 

                           func.Decay(X.su,  P.su.k.dec);    ... 

                           func.Decay(X.aa,  P.aa.k.dec);    ... 

                           func.Decay(X.fa,  P.fa.k.dec);    ... 

                           func.Decay(X.c4,  P.va.k.dec);    ... 

                           func.Decay(X.pro, P.pro.k.dec);   ... 

                           func.Decay(X.ac,  P.ac.k.dec);    ... 

                           func.Decay(X.h2,  P.h2.k.dec);    ... 

                           func.Transfer(S.ch4, S.ch4g, P.Process.KLA, 

P.KH.ch4, P.Amb.R, P.Amb.T); ... 

                           func.Transfer(S.IC*(1 - P.KA.IC/(P.KA.IC + 10^-

pH)), ... 

                                                S.co2g, P.Process.KLA, 

P.KH.co2, P.Amb.R, P.Amb.T); ... 

                           func.Transfer(S.h2,  S.h2g,  P.Process.KLA, 

P.KH.h2,  P.Amb.R, P.Amb.T)]; 

                        

V) funcADM1_paramUnpack 

function [f, Y, N, Ci, Process, k, su, aa, fa, va, bu, pro, ac, h2, KA, KH, 

Amb] = funcADM1_paramUnpack(Parameters) 

  

f  = Parameters.f; Y  = Parameters.Y; N  = Parameters.N; 

Ci = Parameters.Ci; 

  

k  = Parameters.k; 

  

su  = Parameters.su;  aa  = Parameters.aa;  fa  = Parameters.fa; 

va  = Parameters.va;  bu  = Parameters.bu;  pro = Parameters.pro;  

ac  = Parameters.ac;  h2  = Parameters.h2; 

  

KA = Parameters.KA;     KH = Parameters.KH; 

Amb = Parameters.Amb;   Process = Parameters.Process; 
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VI) funcADM1_ParameterSpec 

function Parameters = funcADM1_ParameterSpec(Param_DATA) 

% ADM1: Parameter specifications 

% Based on those specified in:http://iwa-mia.org/wp-

content/uploads/2018/01/BSM_TG_Tech_Report_no_3_BSM2_General_Description.pd

f 

  

for i = 1 : 102 

    eval([Param_DATA.Name{i},' = ', num2str(Param_DATA.Value(i)),';']); 

end 

  

%     su      aa    fa      va     bu     pro     ac      h2;  ch4;    IC;  

IN;  I 

Ci = [0.0313; 0.03; 0.0217; 0.024; 0.025; 0.0268; 0.0313; 0;   0.0156; 0;   

0;   0.03; ... 

...   Xc       Xch     Xpr   Xli    Xsu - Xh2         XI 

      0.02786; 0.0313; 0.03; 0.022; 0.0313*ones(7,1); 0.03]; 

  

% Create structure 

Parameters.f = f;     Parameters.Y = Y;   Parameters.N = N;    

Parameters.Ci = Ci; 

  

Parameters.k = k;  

Parameters.su = su;   Parameters.aa = aa; Parameters.fa = fa;  

Parameters.va = va;   Parameters.bu = bu; Parameters.pro = pro;  

Parameters.ac = ac;   Parameters.h2 = h2; 

  

Parameters.KA = KA;   Parameters.KH = KH; 

Parameters.Amb = Amb; Parameters.Process = Process; 

 

VII) funcADM1_ODE 

function dYdt = funcADM1_ODE(Y, U, funcRate, matStoich, ChargeBalance, 

Parameters) 

% U is the input vector. It has the same form as Y 

[S, X] = funcADM1_stateUnpack(Y); 

  

pH = fzero(@(pH) ChargeBalance.funcZero(10.^-pH, S, Parameters), 7); 

%pH = 7.27; 

Pgas = Parameters.Amb.pH2O + S.ch4g*Parameters.Amb.R*Parameters.Amb.T/64 

... 

                           + S.co2g*Parameters.Amb.R*Parameters.Amb.T/1 ... 

                           + S.h2g *Parameters.Amb.R*Parameters.Amb.T/16; 

Qgas = Parameters.Process.kp * (Pgas - Parameters.Amb.P) * 

(Pgas/Parameters.Amb.P); 

  

In           = Parameters.Process.Q * U        / Parameters.Process.Vl; 

Out(1:26,:)  = Parameters.Process.Q * Y(1:26)  / Parameters.Process.Vl; 

Out(27:29,:) =                 Qgas * Y(27:29) / Parameters.Process.Vg; 

Generation = matStoich * funcRate(S, X, pH, Parameters); 

dYdt = In - Out + Generation; 

 

VIII) funcADM1_ChargeBalanceDefinition 

function ChargeBalance = funcADM1_ChargeBalanceDefinition 

  

ChargeBalance.funcAcid   = @(KA, Acid, H) KA*Acid / (KA + H); 

ChargeBalance.funcBase   = @(KA, Base, H)  H*Base / (KA + H); 

ChargeBalance.funcZero   = @(H, S, P)   S.cat + H ... 

                         - S.an  - P.KA.W/H         ... 
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                         + ChargeBalance.funcBase(P.KA.NH4, S.IN,  H) ... 

                          - ChargeBalance.funcAcid(P.KA.IC,  S.IC,  H)       

...  

                          - ChargeBalance.funcAcid(P.KA.ac,  S.ac,  H) / 64  

... 

                          - ChargeBalance.funcAcid(P.KA.pro, S.pro, H) / 

112 ... 

                          - ChargeBalance.funcAcid(P.KA.bu,  S.bu,  H) / 

160 ... 

                          - ChargeBalance.funcAcid(P.KA.va,  S.va,  H) / 

208; 

 

For Sensitivity analysis 

i) funcADM1 

function [final, finalS, finalX] = funcADM1(Input_DATA, Param_DATA) 

  

%% 

Parameters    = funcADM1_ParameterSpec(Param_DATA); 

funcRate      = funcADM1_RateDefinition;                     % Rate = @(S, 

X, pH, Parameters) 

ChargeBalance = funcADM1_ChargeBalanceDefinition; 

[matStoich, compDescrp] = funcADM1_StoichMatrixConstruction(Parameters); 

  

%% 

U  = Input_DATA.U; 

Y0 = Input_DATA.Yss(1:29); 

[~,Ymat] = ode23s(@(t,Y) funcADM1_ODE(Y, U, funcRate, matStoich, 

ChargeBalance, Parameters), ... 

               [0 364], Y0); 

  

%% Store final steady state results 

[S, X] = funcADM1_stateUnpack(Ymat(end,:)); 

final.pH   = fzero(@(pH) ChargeBalance.funcZero(10.^-pH, S, Parameters), 

7); 

final.Pgas = Parameters.Amb.pH2O + 

S.ch4g*Parameters.Amb.R*Parameters.Amb.T/64 ... 

                                    + 

S.co2g*Parameters.Amb.R*Parameters.Amb.T/1 ... 

                                    + S.h2g 

*Parameters.Amb.R*Parameters.Amb.T/16; 

final.Qgas = Parameters.Process.kp * (final.Pgas - Parameters.Amb.P) * 

(final.Pgas/Parameters.Amb.P); 

  

for l = 1 : 29 

    eval(['final',compDescrp{l},' = ',compDescrp{l},';']); 

end 

  

final.yCH4 =  (finalS.ch4g*Parameters.Amb.R*Parameters.Amb.T/64 / 

final.Pgas); 

final.yCO2 =  (finalS.co2g*Parameters.Amb.R*Parameters.Amb.T/1 / 

final.Pgas); 

final.VFA =   

(finalS.va/208+finalS.bu/160+finalS.pro/112+finalS.ac/64)*1000; 

final.NH4 =  S.IN; 

end 

  

function ChargeBalance = funcADM1_ChargeBalanceDefinition 

  

    ChargeBalance.funcAcid   = @(KA, Acid, H) KA*Acid / (KA + H); 

    ChargeBalance.funcBase   = @(KA, Base, H)  H*Base / (KA + H); 
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    ChargeBalance.funcZero   = @(H, S, P)   S.cat + H ... 

                             - S.an  - P.KA.W/H         ... 

                             + ChargeBalance.funcBase(P.KA.NH4, S.IN,  H) 

... 

                             - ChargeBalance.funcAcid(P.KA.IC,  S.IC,  H)       

...  

                           - ChargeBalance.funcAcid(P.KA.ac,  S.ac,  H) / 

64  ... 

                          - ChargeBalance.funcAcid(P.KA.pro, S.pro, H) / 

112 ... 

                          - ChargeBalance.funcAcid(P.KA.bu,  S.bu,  H) / 

160 ... 

                          - ChargeBalance.funcAcid(P.KA.va,  S.va,  H) / 

208; 

  

end 

  

function dYdt = funcADM1_ODE(Y, U, funcRate, matStoich, ChargeBalance, 

Parameters) 

    % U is the input vector. It has the same form as Y 

    [S, X] = funcADM1_stateUnpack(Y); 

  

    pH = fzero(@(pH) ChargeBalance.funcZero(10.^-pH, S, Parameters), 7); 

    %pH = 7.25; 

    Pgas = Parameters.Amb.pH2O + 

S.ch4g*Parameters.Amb.R*Parameters.Amb.T/64 ... 

                               + S.co2g*Parameters.Amb.R*Parameters.Amb.T/1 

... 

                               + S.h2g 

*Parameters.Amb.R*Parameters.Amb.T/16; 

    Qgas = Parameters.Process.kp * (Pgas - Parameters.Amb.P) * 

(Pgas/Parameters.Amb.P); 

  

    In           = Parameters.Process.Q * U        / Parameters.Process.Vl; 

    Out(1:26,:)  = Parameters.Process.Q * Y(1:26)  / Parameters.Process.Vl; 

    Out(27:29,:) =                 Qgas * Y(27:29) / Parameters.Process.Vg; 

    Generation = matStoich * funcRate(S, X, pH, Parameters); 

    dYdt = In - Out + Generation; 

end 

  

function Parameters = funcADM1_ParameterSpec(Param_DATA) 

    % ADM1: Parameter specifications 

    % Based on those specified in: 

    % http://iwa-mia.org/wp-

content/uploads/2018/01/BSM_TG_Tech_Report_no_3_BSM2_General_Description.pd

f 

  

    for i = 1 : 102 

        eval([Param_DATA.Name{i},' = ', num2str(Param_DATA.Value(i)),';']); 

    end 

  

    %     su      aa    fa      va     bu     pro     ac      h2;  ch4;    

IC;  IN;  I 

    Ci = [0.0313; 0.03; 0.0217; 0.024; 0.025; 0.0268; 0.0313; 0;   0.0156; 

0;   0;   0.03; ... 

    ...   Xc       Xch     Xpr   Xli    Xsu - Xh2         XI 

          0.02786; 0.0313; 0.03; 0.022; 0.0313*ones(7,1); 0.03]; 

  

    % Create structure 

    Parameters.f = f;     Parameters.Y = Y;   Parameters.N = N;    

    Parameters.Ci = Ci; 
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    Parameters.k = k;  

    Parameters.su = su;   Parameters.aa = aa; Parameters.fa = fa;  

    Parameters.va = va;   Parameters.bu = bu; Parameters.pro = pro;  

    Parameters.ac = ac;   Parameters.h2 = h2; 

  

    Parameters.KA = KA;   Parameters.KH = KH; 

    Parameters.Amb = Amb; Parameters.Process = Process; 

end 

  

function [f, Y, N, Ci, Process, k, su, aa, fa, va, bu, pro, ac, h2, KA, KH, 

Amb] = funcADM1_paramUnpack(Parameters) 

  

    f  = Parameters.f; Y  = Parameters.Y; N  = Parameters.N; 

    Ci = Parameters.Ci; 

  

    k  = Parameters.k; 

  

    su  = Parameters.su;  aa  = Parameters.aa;  fa  = Parameters.fa; 

    va  = Parameters.va;  bu  = Parameters.bu;  pro = Parameters.pro;  

    ac  = Parameters.ac;  h2  = Parameters.h2; 

  

    KA = Parameters.KA;     KH = Parameters.KH; 

    Amb = Parameters.Amb;   Process = Parameters.Process; 

end 

  

function funcRate = funcADM1_RateDefinition 

    % ADM1: Definition of rate equations 

  

    func.Monod        = @(S, IN, xx) xx.k.m * S/(xx.KS + S) * IN/(xx.KIN + 

IN); 

    func.S_Inhibit    = @(S, xx)              1/(1 + S/xx.KIS); 

    func.S_Compete    = @(S1,S2)              1/(1 + S1/S2); 

  

    % Inhibition functions as per the original ADM1 

    % func.pH_Inhibit1  = @(pH, xx)  (  1 + 2*10^(0.5*(xx.pH.LL - 

xx.pH.HL))  ) ... 

    %                                  / (  1 + 10^(pH - xx.pH.HL) + 

10^(xx.pH.LL - pH)  ); 

    % func.pH_Inhibit2  = @(pH, xx)   (pH <  xx.pH.HL) * exp( -3*( (pH - 

xx.pH.HL)/(xx.pH.HK - xx.pH.LL) )^2 ) ... 

    %                                    + (pH >= xx.pH.HL); 

    % 

    % Inhibition function as per BSM2 

    func.na         = @(xx)     (3 / (xx.pH.UL - xx.pH.LL)); 

    func.KpH        = @(xx)     (10^-((xx.pH.LL + xx.pH.UL)/2)); 

    func.pH_Inhibit = @(pH, xx)     func.KpH(xx).^func.na(xx) ... 

                                / ( (10.^-pH).^func.na(xx) + 

func.KpH(xx).^func.na(xx) ); 

  

    func.Hydro   = @(X, k) k*X; 

  

    func.Uptake.su  = @(S, X, pH, su)  func.Monod(S.su, S.IN, su) * X.su 

... 

                                      *func.pH_Inhibit(pH, su); 

    func.Uptake.aa  = @(S, X, pH, aa)  func.Monod(S.aa, S.IN, aa) * X.aa 

... 

                                      *func.pH_Inhibit(pH, aa); 

  

    func.Uptake.fa  = @(S, X, pH, fa)  func.Monod(S.fa, S.IN, fa) * X.fa 

... 
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                                      *func.pH_Inhibit(pH, fa)          ... 

                                      *func.S_Inhibit(S.h2, fa); 

  

    func.Uptake.va  = @(S, X, pH, va)  func.Monod(S.va, S.IN, va) * X.c4 

... 

                                      *func.S_Compete(S.bu, S.va)        

... 

                                      *func.pH_Inhibit(pH, va)          ... 

                                      *func.S_Inhibit(S.h2, va); 

    func.Uptake.bu  = @(S, X, pH, bu)  func.Monod(S.bu, S.IN, bu) * X.c4 

... 

                                      *func.S_Compete(S.va, S.bu)        

... 

                                      *func.pH_Inhibit(pH, bu)          ... 

                                      *func.S_Inhibit(S.h2, bu); 

  

    func.Uptake.pro = @(S, X, pH, pro) func.Monod(S.pro, S.IN, pro)* X.pro 

... 

                                      *func.pH_Inhibit(pH, pro)          

... 

                                      *func.S_Inhibit(S.h2, pro); 

  

    func.Uptake.ac  = @(S, X, pH, ac, KA)  func.Monod(S.ac, S.IN, ac)* X.ac 

... 

                                          *func.pH_Inhibit(pH, ac)          

... 

                                          *func.S_Inhibit(S.IN*(1 - (10^-

pH)/(KA + 10^-pH)), ac); 

  

    func.Uptake.h2  = @(S, X, pH, h2)  func.Monod(S.h2, S.IN, h2)* X.h2 ... 

                                      *func.pH_Inhibit(pH, h2); 

  

    func.Decay = @(X, k) k*X; 

  

    func.Transfer = @(Sliq, Sgas, KLA, KH, R, T) KLA*(Sliq - KH*R*T*Sgas); 

  

    funcRate = @(S, X, pH, P) [func.Hydro(X.c,  P.k.hyd.c);      ... 

                               func.Hydro(X.ch, P.k.hyd.ch);     ... 

                               func.Hydro(X.pr, P.k.hyd.pr);     ... 

                               func.Hydro(X.li, P.k.hyd.li);     ... 

                               func.Uptake.su(S, X, pH, P.su);   ...  

                               func.Uptake.aa(S, X, pH, P.aa);   ... 

                               func.Uptake.fa(S, X, pH, P.fa);   ... 

                               func.Uptake.va(S, X, pH, P.va);   ... 

                               func.Uptake.bu(S, X, pH, P.bu);   ... 

                               func.Uptake.pro(S, X, pH, P.pro); ... 

                               func.Uptake.ac(S, X, pH, P.ac, P.KA.NH4);   

... 

                               func.Uptake.h2(S, X, pH, P.h2);   ... 

                               func.Decay(X.su,  P.su.k.dec);    ... 

                               func.Decay(X.aa,  P.aa.k.dec);    ... 

                               func.Decay(X.fa,  P.fa.k.dec);    ... 

                               func.Decay(X.c4,  P.va.k.dec);    ... 

                               func.Decay(X.pro, P.pro.k.dec);   ... 

                               func.Decay(X.ac,  P.ac.k.dec);    ... 

                               func.Decay(X.h2,  P.h2.k.dec);    ... 

                               func.Transfer(S.ch4, S.ch4g, P.Process.KLA, 

P.KH.ch4, P.Amb.R, P.Amb.T); ... 

                               func.Transfer(S.IC*(1 - P.KA.IC/(P.KA.IC + 

10^-pH)), ... 
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                                                    S.co2g, P.Process.KLA, 

P.KH.co2, P.Amb.R, P.Amb.T); ... 

                               func.Transfer(S.h2,  S.h2g,  P.Process.KLA, 

P.KH.h2,  P.Amb.R, P.Amb.T)]; 

  

end 

  

function [S, X] = funcADM1_stateUnpack(Y) 

    S.su  = Y(1); 

    S.aa  = Y(2); 

    S.fa  = Y(3); 

    S.va  = Y(4); 

    S.bu  = Y(5); 

    S.pro = Y(6); 

    S.ac  = Y(7); 

    S.h2  = Y(8); 

    S.ch4 = Y(9); 

    S.IC  = Y(10); 

    S.IN  = Y(11); 

    S.I   = Y(12); 

  

    X.c   = Y(13); 

    X.ch  = Y(14); 

    X.pr  = Y(15); 

    X.li  = Y(16); 

    X.su  = Y(17); 

    X.aa  = Y(18); 

    X.fa  = Y(19); 

    X.c4  = Y(20); 

    X.pro = Y(21); 

    X.ac  = Y(22); 

    X.h2  = Y(23); 

    X.I   = Y(24); 

  

    S.cat = Y(25); 

    S.an  = Y(26); 

  

    S.ch4g = Y(27); 

    S.co2g = Y(28); 

    S.h2g  = Y(29); 

end 

  

function [matStoich, dscrp] = funcADM1_StoichMatrixConstruction(Parameters) 

    % ADM1: Creation of rate coefficient matrix 

    [f, Y, N, Ci, Process] = funcADM1_paramUnpack(Parameters); 

  

    k = 1; dscrp{k} = 'S.su'; 

    S.su.j = [2; 4; 5];                 S.su.i = 

k*ones(eval(['length(',dscrp{k},'.j)']), 1); 

    S.su.v = [1; 1-f.fa.li; -1]; 

  

    k = 2; dscrp{k} = 'S.aa'; 

    S.aa.j = [3; 6];                    S.aa.i = 

k*ones(eval(['length(',dscrp{k},'.j)']), 1); 

    S.aa.v = [1; -1]; 

  

    k = 3; dscrp{k} = 'S.fa'; 

    S.fa.j = [4; 7];                    S.fa.i = 

k*ones(eval(['length(',dscrp{k},'.j)']), 1); 

    S.fa.v = [f.fa.li; -1]; 
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    k = 4; dscrp{k} = 'S.va'; 

    S.va.j = [6; 8];                    S.va.i = 

k*ones(eval(['length(',dscrp{k},'.j)']), 1); 

    S.va.v = [(1-Y.aa)*f.va.aa; -1]; 

  

    k = 5; dscrp{k} = 'S.bu'; 

    S.bu.j = [5; 6; 9];                 S.bu.i = 

k*ones(eval(['length(',dscrp{k},'.j)']), 1); 

    S.bu.v = [(1-Y.su)*f.bu.su; (1-Y.aa)*f.bu.aa; -1]; 

  

    k = 6; dscrp{k} = 'S.pro'; 

    S.pro.j = [5; 6; 8; 10];            S.pro.i = 

k*ones(eval(['length(',dscrp{k},'.j)']), 1); 

    S.pro.v = [(1-Y.su)*f.pro.su; (1-Y.aa)*f.pro.aa; (1-Y.c4)*0.54; -1]; 

  

    k = 7; dscrp{k} = 'S.ac'; 

    S.ac.j = [5; 6; 7; 8; 9; 10; 11];   S.ac.i = 

k*ones(eval(['length(',dscrp{k},'.j)']), 1); 

    S.ac.v = [(1-Y.su)*f.ac.su; (1-Y.aa)*f.ac.aa; (1-Y.fa)*0.7; (1-

Y.c4)*0.31; (1-Y.c4)*0.8; (1-Y.pro)*0.57; -1]; 

  

    k = 8; dscrp{k} = 'S.h2'; 

    S.h2.j = [5; 6; 7; 8; 9; 10; 12; 22]; S.h2.i = 

k*ones(eval(['length(',dscrp{k},'.j)']), 1); 

    S.h2.v = [(1-Y.su)*f.h2.su; (1-Y.aa)*f.h2.aa; (1-Y.fa)*0.3; (1-

Y.c4)*0.15; (1-Y.c4)*0.2; (1-Y.pro)*0.43; -1; -1]; 

  

    k = 9; dscrp{k} = 'S.ch4'; 

    S.ch4.j = [11; 12; 20];               S.ch4.i = 

k*ones(eval(['length(',dscrp{k},'.j)']), 1); 

    S.ch4.v = [(1-Y.ac); (1-Y.h2); -1]; 

  

    % Component 10 = IC = inorganic carbon, calculation done right at the 

end 

  

    k = 11; dscrp{k} = 'S.IN'; 

    S.IN.j = [1; 5; 6; 7; 8; 9; 10; 11; 12];  S.IN.i = 

k*ones(eval(['length(',dscrp{k},'.j)']), 1); 

    S.IN.v = [N.xc; -Y.su*N.bac; N.aa-Y.aa*N.bac; -Y.fa*N.bac; -Y.c4*N.bac; 

-Y.c4*N.bac; -Y.pro*N.bac; -Y.ac*N.bac; -Y.h2*N.bac;]; 

  

    k = 12; dscrp{k} = 'S.I'; 

    S.I.j = 1;                          S.I.i = 

k*ones(eval(['length(',dscrp{k},'.j)']), 1); 

    S.I.v = [f.sI.xc]; 

  

    k = 13; dscrp{k} = 'X.c'; 

    X.c.j = [1; (13:19).'];             X.c.i = 

k*ones(eval(['length(',dscrp{k},'.j)']), 1); 

    X.c.v = [-1; ones(7,1)]; 

  

    k = 14; dscrp{k} = 'X.ch'; 

    X.ch.j = [1; 2];                    X.ch.i = 

k*ones(eval(['length(',dscrp{k},'.j)']), 1); 

    X.ch.v = [f.ch.xc; -1]; 

  

    k = 15; dscrp{k} = 'X.pr'; 

    X.pr.j = [1; 3];                    X.pr.i = 

k*ones(eval(['length(',dscrp{k},'.j)']), 1); 

    X.pr.v = [f.pr.xc; -1]; 
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    k = 16; dscrp{k} = 'X.li'; 

    X.li.j = [1; 4];                    X.li.i = 

k*ones(eval(['length(',dscrp{k},'.j)']), 1); 

    X.li.v = [f.li.xc; -1]; 

  

    k = 17; dscrp{k} = 'X.su'; 

    X.su.j = [5; 13];                   X.su.i = 

k*ones(eval(['length(',dscrp{k},'.j)']), 1); 

    X.su.v = [Y.su; -1]; 

  

    k = 18; dscrp{k} = 'X.aa'; 

    X.aa.j = [6; 14];                   X.aa.i = 

k*ones(eval(['length(',dscrp{k},'.j)']), 1); 

    X.aa.v = [Y.aa; -1]; 

  

    k = 19; dscrp{k} = 'X.fa'; 

    X.fa.j = [7; 15];                   X.fa.i = 

k*ones(eval(['length(',dscrp{k},'.j)']), 1); 

    X.fa.v = [Y.fa; -1]; 

  

    k = 20; dscrp{k} = 'X.c4'; 

    X.c4.j = [8; 9; 16];                X.c4.i = 

k*ones(eval(['length(',dscrp{k},'.j)']), 1); 

    X.c4.v = [Y.c4; Y.c4; -1]; 

  

    k = 21; dscrp{k} = 'X.pro'; 

    X.pro.j = [10; 17];                 X.pro.i = 

k*ones(eval(['length(',dscrp{k},'.j)']), 1); 

    X.pro.v = [Y.pro; -1]; 

  

    k = 22; dscrp{k} = 'X.ac'; 

    X.ac.j = [11; 18];                  X.ac.i = 

k*ones(eval(['length(',dscrp{k},'.j)']), 1); 

    X.ac.v = [Y.ac; -1]; 

  

    k = 23; dscrp{k} = 'X.h2'; 

    X.h2.j = [12; 19];                  X.h2.i = 

k*ones(eval(['length(',dscrp{k},'.j)']), 1); 

    X.h2.v = [Y.h2; -1]; 

  

    k = 24; dscrp{k} = 'X.I'; 

    X.I.j = 1;                          X.I.i = 

k*ones(eval(['length(',dscrp{k},'.j)']), 1); 

    X.I.v = [f.xI.xc]; 

  

    k = 25; dscrp{k} = 'S.cat'; 

    k = 26; dscrp{k} = 'S.an'; 

  

    k = 27; dscrp{k} = 'S.ch4g'; 

    S.ch4g.j = 20;                       S.ch4g.i = 

k*ones(eval(['length(',dscrp{k},'.j)']), 1); 

    S.ch4g.v = Process.Vl/Process.Vg; 

  

    k = 28; dscrp{k} = 'S.co2g'; 

    S.co2g.j = 21;                       S.co2g.i = 

k*ones(eval(['length(',dscrp{k},'.j)']), 1); 

    S.co2g.v = Process.Vl/Process.Vg; 

  

    k = 29; dscrp{k} = 'S.h2g'; 

    S.h2g.j = 22;                        S.h2g.i = 

k*ones(eval(['length(',dscrp{k},'.j)']), 1); 
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    S.h2g.v = Process.Vl/Process.Vg; 

  

    i = []; j = []; v = []; 

    for k = [(1:9) (11:24) (27:29)] 

        i = [i; eval(['',dscrp{k},'.i'])]; 

        j = [j; eval(['',dscrp{k},'.j'])]; 

        v = [v; eval(['',dscrp{k},'.v'])]; 

    end 

  

    matStoich = sparse(i, j, v, 29, 22); 

  

    k = 10; dscrp{k} = 'S.IC'; 

    S.IC.j = [5; 6; 10; 11; 12; 21];        S.IC.i = 

k*ones(eval(['length(',dscrp{k},'.j)']), 1); 

    S.IC.v = [-(matStoich([(1:9) (11:24)], [5 6 10 11 12]) ).'*Ci([(1:9) 

(11:24)]); -1]; 

  

    matStoich = matStoich + sparse(S.IC.i, S.IC.j, S.IC.v, 29, 22); 

  

    %Stoich.S = S; Stoich.X = X; Stoich.dscrp = dscrp; Stoich.Mat = Mat; 

end 

 

ii) funcRandomizeParameters 

function [p, param_table] = funcRandomizeParameters(sheet1, text, 

param_names) 

% This function makes it easier to understand and debug the code. We can 

% easily check the parameter values and make sure they are entered 

% correctly. We also generate a structure, "p" directly instead of doing so 

% using "funcADM1_ParameterSpec" 

%% Biochemical,Kinetic and process parameters 

% Variable parameters 

  

% This for loop will read the minimum, maximum, and default value of each 

% parameter in your provided spreadsheet. The "eval" function will then 

% assign a randomized value (between min and max) to that parameter 

for i = 1:64 

    param_min = sheet1(1,i); 

    param_max = sheet1(2,i); 

    param_def = sheet1(3,i); 

    %eval(['p.', text{i},' = param_def;']); 

    eval(['p.', text{i},' = param_min + ( param_max - param_min )*rand;']); 

end 

  

% Constant parameters:  

% All parameters that don't change values between MC runs 

p.f.fa.li   =   9.50E-01; 

p.f.va.aa   =   2.51E-01; 

p.f.bu.su   =   1.30E-01; 

p.f.bu.aa   =   2.62E-01; 

p.f.pro.su  =   1.89E-01; 

p.f.pro.aa  =   6.36E-02; 

p.f.ac.su   =   4.48E-01; 

p.f.ac.aa   =   3.67E-01; 

p.f.h2.su   =   2.20E-01; 

p.f.h2.aa   =   6.00E-02; 

p.f.ch.xc   =   3.15E-01;  

p.f.pr.xc   =   1.17E-01;  

p.f.li.xc   =   6.30E-02;  

p.f.sI.xc   =   0.00E+00; 

p.f.xI.xc   =   5.05E-01;  
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p.N.bac  =  5.71E-03; 

p.N.aa   =  7.00E-03; 

p.N.xc   =  2.69E-03; 

p.N.I    =  4.29E-03; 

  

p.KA.W   = 2.08E-14; 

p.KA.NH4 = 5.62341E-10; 

p.KA.IC  = 0.000000494; 

p.KA.ac  = 0.0000174; 

p.KA.pro = 0.0000132; 

p.KA.bu  = 0.000015; 

p.KA.va  = 0.0000138; 

  

p.KH.co2 = 0.0271; 

p.KH.ch4 = 0.00116; 

p.KH.h2  = 0.000738; 

  

p.Amb.R    = 0.083145; 

p.Amb.P    = 1.013; 

p.Amb.T    = 308.15; 

p.Amb.pH2O = 0.0557; 

  

p.Process.kp  = 125; 

p.Process.KLA = 200; 

p.Process.Vl  = 7; 

p.Process.Vg  = 3; 

p.Process.Q   = 1.68E-01;  

  

%       su      aa    fa      va     bu     pro     ac      h2;  ch4;    

IC;  IN;  I 

p.Ci = [0.0313; 0.03; 0.0217; 0.024; 0.025; 0.0268; 0.0313; 0;   0.0156; 0;   

0;   0.03; ... 

  ...   Xc       Xch     Xpr   Xli    Xsu - Xh2         XI 

        0.02786; 0.0313; 0.03; 0.022; 0.0313*ones(7,1); 0.03]; 

  

% This creates a "single level" structure with all parameter values,  

% which can subsequently be saved as a table     

for i = 1 : 102 %length(text) 

    temp = replace(param_names{i},'.','_'); 

    eval(['param_table.',temp,' = p.',param_names{i},';']); 

end 

 

iii) Monte Carlo method 

    %% 

clc 

clear 

  

filename = 'ADM1_inputNew.xlsx'; 

  

[~,Input_DATA.Name] = xlsread(filename,'Inputs','A1:A29'); 

Input_DATA.U        = xlsread(filename,'Inputs','B1:B29'); 

Input_DATA.Yss      = xlsread(filename,'SteadyStateOutputs','B1:B30'); 

[~,Param_DATA.Name] = xlsread(filename,'Parameters','A1:A102'); 

[num, text, raw] = xlsread(filename,'Param','B1:BM4'); 

  

sheet1= num; 

  

%% Biochemical,Kinetic and process parameters 

  

MC_runs = 10000; 
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for MC = 1:MC_runs 

    disp(['MC run = ', num2str(MC)]) 

    [Parameters, param_table] = funcRandomizeParameters(sheet1, text, 

Param_DATA.Name); 

     

    % Using this while-loop, the code will retry until it succeeds. 

    % "failed_count" will increase if multiple failures are encountered 

    failed = 1; 

    failed_count = 0; 

    while failed 

        try 

            [final, finalS, finalX] = funcADM1_v2(Input_DATA, Parameters); 

            failed = 0; 

        catch 

            Parameters = funcRandomizeParameters(sheet1, text, 

Param_DATA.Name); 

            failed_count = failed_count + 1 

        end 

    end     

     

    if MC == 1 

        Table_general = struct2table(final); 

        Table_soluble = struct2table(finalS); 

        Table_particl = struct2table(finalX); 

        Table_param   = struct2table(param_table); 

    else 

        Table_general = [Table_general; struct2table(final)]; 

        Table_soluble = [Table_soluble; struct2table(finalS)]; 

        Table_particl = [Table_particl; struct2table(finalX)]; 

        Table_param = [Table_param;struct2table(param_table)]; 

    end 

end 

writetable(Table_general, 'MC_results.xlsx', 'Sheet', 1); 

writetable(Table_soluble, 'MC_results.xlsx', 'Sheet', 2); 

writetable(Table_particl, 'MC_results.xlsx', 'Sheet', 3); 

writetable(Table_param,   'MC_results.xlsx', 'Sheet', 4); 
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Table 10.23: Parameters of the GMM components for the substrate combination  

 GMM Components  

Scenario Mean  Variance Weight 

1 [3.06,0.30,2.65,3.21] [0.02,0.05,0.10,0.01] [0.15,0.07,0.13,0.65] 

2 [2.18,0.91,0.71,1.18,2.38,1.69] [0.02,0.01,0.00,0.02,0.01,0.08] [0.06,0.34,0.09,0.15,0.21,0.14] 

3 [2.69,1.66,2.44,1.91,0.84,0.74] [0.01,0.01,0.03,0.07,0.00,0.09] [0.36,0.30,0.11,0.14,0.07,0.01] 

4 [4.65,0.16,4.08] [0.02,0.11,0.23] [0.75,0.07,0.18] 

5 [5.02,0.52,4.19,3.38,4.82] [0.01,0.23,0.16,0.38,0.02] [0.46,0.08,0.16,0.02,0.29] 

6 [0.71,3.25,2.62,3.03] [0.03,0.01,0.09,0.02] [0.07,0.66,0.15,0.12] 

7 [3.15,2.44,2.77,3.28,0.01,0.55] [0.01,0.12,0.02,0.01,0.00,0.02] [0.39,0.03,0.13,0.38,0.01,0.06] 

8 [3.22,0.89,0.76,2.71,2.18,3.11] [0.00,0.00,0.04,0.05,0.04,0.01] [0.29,0.06,0.02,0.18,0.20,0.25] 

9 [2.65,2.13,1.77,0.79,2.82,0.73] [0.01,0.09,0.01,0.00,0.01,0.01] [0.10,0.27,0.07,0.07,0.47,0.02] 

10 [0.72,2.64,1.56,0.78,1.92,2.43] [0.02,0.01,0.02,0.00,0.06,0.02] [0.01,0.38,0.25,0.08,0.20,0.08] 

11 [2.58,1.75,0.83,0.71,2.10,2.75] [0.02,0.01,0.00,0.05,0.08,0.01] [0.07,0.27,0.08,0.01,0.19,0.38] 

12 [1.83,2.78,0.81,2.09,2.59,0.74] [0.02,0.01,0.00,0.07,0.02,0.03] [0.18,0.43,0.06,0.21,0.09,0.02] 

13 [3.05,0.80,2.80,2.30,0.67] [0.01,0.00,0.02,0.06,0.03] [0.61,0.05,0.13,0.19,0.02] 

14 [2.71,1.90,0.80,2.88,0.70,2.22] [0.01,0.01,0.00,0.01,0.02,0.07] [0.09,0.05,0.06,0.52,0.02,0.25] 

15 [3.04,0.85,0.74,2.44,2.00,2.93] [0.00,0.00,0.05,0.07,0.02,0.01] [0.15,0.07,0.02,0.22,0.19,0.34] 

16 [0.85,3.03,1.95,2.31,0.75,2.91] [0.00,0.00,0.02,0.10,0.02,0.01] [0.06,0.13,0.14,0.28,0.03,0.37] 

17 [2.57,0.73,0.80,2.73,1.73,2.04] [0.01,0.02,0.00,0.01,0.02,0.08] [0.11,0.01,0.08,0.38,0.21,0.21] 

18 [2.14,3.18,0.75,0.92,2.41,2.94] [0.02,0.01,0.07,0.00,0.06,0.03] [0.19,0.42,0.03,0.06,0.21,0.09] 

19 [3.76,0.46,3.02,3.58,0.88] [0.01,0.21,0.09,0.02,0.02] [0.54,0.04,0.23,0.16,0.03] 

20 [3.04,0.58,2.53,3.44,0.92] [0.05,0.13,0.03,0.01,0.01] [0.18,0.04,0.21,0.52,0.05] 

21 [3.38,3.94,0.31,3.77,2.65] [0.08,0.01,0.12,0.02,0.30] [0.12,0.40,0.07,0.39,0.01] 

22 [3.49,0.43,2.77,3.22] [0.01,0.10,0.15,0.04] [0.64,0.07,0.05,0.24] 

23 [3.52,0.91,2.50,2.97,0.54,3.39] [0.00,0.01,0.03,0.05,0.13,0.01] [0.20,0.06,0.17,0.20,0.03,0.35] 

24 [3.38,0.51,3.16,2.63,0.81] [0.01,0.18,0.02,0.07,0.02] [0.58,0.02,0.15,0.19,0.06] 

25 [3.77,3.35,0.74,3.64,2.83] [0.00,0.04,0.12,0.01,0.06] [0.25,0.13,0.08,0.37,0.18] 

26 [3.08,0.84,2.26,2.8,0.73] [0.01,0.00,0.06,0.03,0.02] [0.60,0.04,0.18,0.15,0.03] 

27 [3.98,0.01,3.36,0.70,2.68,3.80] [0.01,0.00,0.09,0.04,0.27,0.02] [0.46,0.01,0.12,0.06,0.02,0.33] 

28 [3.60,0.93,2.90,3.48,0.60,2.50] [0.01,0.01,0.10,0.01,0.19,0.01] [0.25,0.04,0.29,0.32,0.03,0.06] 

29 [3.04,0.70,2.60,3.27] [0.02,0.03,0.09,0.01] [0.13,0.07,0.14,0.67] 

30 [3.39,0.73,2.68,3.51,3.13] [0.01,0.04,0.10,0.00,0.03] [0.48,0.07,0.13,0.20,0.12] 

31 [0.94,3.51,2.91,1.65,0.07,0.72] [0.00,0.01,0.10,0.03,0.00,0.03] [0.02,0.64,0.28,0.00,0.01,0.05] 
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Appendix F: Supplementary information for Chapter 8. 

Cost-benefit analysis (CBA) 

To compare costs and benefits and consider the overall feasibility of the project, the net present 

value (NPV), benefit-cost ratio (BCR), internal rate of return (IRR) and the payback time (PBT) 

techniques/indicators were used in this study. These investment criteria and/or decision-making 

indicators are defined as follows: 

i) Net present value (NPV) 

Net present value (NPV) is a very simple and precise performance indicator to evaluate the 

profitability of a project (Florio et al., 2008). The NPV method is an algebraic sum of the annual 

discounted cash flow (present values), consisting of the difference of cash inflows (benefits) 

and cash outflows (costs) over a certain period [2,3]. If the NPV becomes positive (NPV>0), 

the investment decision will be economically feasible this means that the project generates a 

net benefit (because the sum of the weighted flows of costs and benefits is positive) and it is 

generally desirable either in financial terms or in economic terms [1]. Mathematically, the 

equation is represented as [4]: 

𝑁𝑃𝑉 = ∑
(𝑩𝒕 − 𝑪𝒕)

(1 + 𝑟)𝑡
                                                                                                                           (1)

𝑛

𝑡=1

 

Where NPV - Net Present Value; 

            Ct - Costs in year t; 

            Bt - Benefits in year t; 

            r - Discount rate; 

            t - Number of years at which benefits and costs occur; and 

            n - Number of years over which the benefits and costs will accrue starting at year t = 1. 

ii) Internal rate of return (IRR) 

The internal rate of return (IRR) is the discount rate at which the present value (PV) of cost is 

equal to the present value (PV) of the benefits [1]. In other words, it is the discount rate at which 

the NPV is zero [4] and mathematically, the equation is represented as to determine the 

unknown IRR: 

𝑁𝑃𝑉 = ∑
𝑩𝒕 − 𝑪𝒕

(1 + 𝐼𝑅𝑅)𝑡
=  0                                                                                                               (2)

𝑛

𝑡=1

 

If the IRR becomes greater than the applicable discount rate (IRR > r), the investment decision 

will be accepted based on the assumptions chosen. 

iii) Benefit to cost ratio (BCR)  
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The benefit-cost ratio (BCR) can be calculated as the present value of benefits (inflows) divided 

by the present value of costs (outflows) as follows [5]:  

𝐵𝐶𝑅 = ∑
𝑩𝒕

(1 + 𝑟)𝑡
/ ∑

𝑪𝒕

(1 + 𝑟)𝑡
    

𝑛

𝑡=1

                                                                                              (3)

𝑛

𝑡=1

 

Where  

          BCR - benefit-cost ratio of a project; 

          t - Year at which benefits and costs occur;  

         Bt - Benefit in period t; 

         Ct - Cost in period t; 

         r - Discount rate; and 

         n - Number of years over which the benefits and costs will accrue starting at year t = 1. 

If BCR >1 the project is suitable because the benefits, measured by the present value of the 

total inflows, are higher than the costs, measured by the present value of the total outflows. 

iv) Payback time (PBT)  

The payback time (PBT) is the period when the initial investment is compensated by the net 

incoming cash flows or the number of years that cancels project NPV, however, it has the 

weakness of not taking into consideration the time value of money [6]. Thus, to take into 

consideration the time value of money one can use the discounted payback time (DPBT). The 

shorter the discounted payback time the more attractive the investment is. Mathematically, the 

equation is represented as [3]: 

𝐷𝑃𝐵𝑇(𝑛) = −
ln (𝟏 −

𝑰
𝑭𝑪𝒕

𝑥 𝑟)

𝑙𝑛(1 + 𝑟)𝑡
                                                                                                        (4) 

Where CFt - Net cash flow at time t;  

            I - Total initial investment cost;  

            r - Discount rate; and 

            n - Number of periods involved in the cash flow that cancels NVP. 

Return on investment 

Regardless of the sources or methods of financing, the financial net present value (FNPV) and 

the financial rate of return (FRR) compare investment costs to net revenues and measure the 

extent to which the project net revenues can repay the investment [7]. It is also possible to 

measure the economic performance of the project by calculating the economic indicators once 

all project costs and benefits have been quantified and valued in money terms [1].  
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• Economic Net Present Value (ENPV): the difference between the discounted 

total social benefits and costs;   

• Economic Rate of Return (ERR): the rate that produces a zero value for the 

ENPV;  

• Economic benefit-cost ratio (EBCR), i.e. the ratio between discounted economic 

benefits and costs. 

 

 

 

Figure 10.1: Simplified material flow diagram and mass balance for smallholder farm-based 

AD: a) Scenario 1; b) Scenario 2; and c) Scenario 3. 
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Table 10.24: Sensitivity analysis for IRR (variation of IRR by 10% of variable) for Scenario 1. 

Variables  Minus 10% of variable Plus 10% of variable 
 

FRR ERR FRR ERR 

Digester cost 0.77% 2.03% -0.72% -1.90% 

Installation costs 0.24% 0.62% -0.23% -0.61% 

Digestate storage tank cost 0.97% 2.56% -0.90% -2.36% 

Operating costs  0.00% 0.35% 0.00% -0.35% 

Fuel costs avoided -1.22% -0.74% 1.19% 0.74% 

Value of water after AD -0.03% -0.02% 0.03% 0.02% 

Fertilizer cost avoided -0.65% -0.40% 0.65% 0.40% 

Medical expenditure Avoided  -0.08% -0.04% 0.08% 0.04% 

Value of saved time 0.00% -0.70% 0.00% 0.70% 

Health related productivity gains 0.00% -0.03% 0.00% 0.03% 

Value of saved lives  0.00% -3.68% 0.00% 3.56% 

 

Table 10.25: Sensitivity analysis for IRR (variation of IRR by 10% of variable) for Scenario 2. 

Variables  Minus 10% of variable Plus 10% of variable 
 

FRR ERR FRR ERR 

Digester cost 0.74% 1.89% -0.70% -1.77% 

Installation costs 0.23% 0.58% -0.22% -0.57% 

Digestate storage tank cost 0.93% 2.38% -0.86% -2.20% 

Operating costs  0.00% 0.35% 0.00% -0.35% 

Fuel costs avoided -1.11% -0.65% 1.08% 0.65% 

Value of water after AD -0.03% -0.02% 0.03% 0.02% 

Fertilizer cost avoided -0.68% -0.40% 0.67% 0.40% 

Medical expenditure Avoided  -0.08% -0.04% 0.08% 0.04% 

Value of saved time 0.00% -0.67% 0.00% 0.67% 

Health related productivity gains 0.00% -0.03% 0.00% 0.03% 

Value of saved lives  0.00% -3.74% 0.00% 3.61% 
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Table 10.26: Sensitivity analysis for IRR (variation of IRR by 10% of variable) for Scenario 3. 

Variables  Minus 10% of variable Plus 10% of variable 
 

FRR ERR FRR ERR 

Digester cost 0.78% 1.99% -0.73% -1.87% 

Installation costs 0.24% 0.61% -0.23% -0.60% 

Digestate storage tank cost 0.98% 2.51% -0.90% -2.32% 

Operating costs  0.00% 0.35% 0.00% -0.35% 

Fuel costs avoided -1.25% -0.76% 1.22% 0.76% 

Value of water after AD -0.03% -0.02% 0.03% 0.02% 

Fertilizer cost avoided -0.64% -0.39% 0.63% 0.39% 

Medical expenditure Avoided  -0.08% -0.04% 0.08% 0.04% 

Value of saved time 0.00% -0.71% 0.00% 0.71% 

Health related productivity gains 0.00% -0.03% 0.00% 0.03% 

Value of saved lives  0.00% -3.69% 0.00% 3.57% 
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