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Abstract

Population growth, economic development, and urbanisation are resulting in an increase in municipal
solid waste African countries dispose over 90% of their waste in landfilsn though landfills are
associated wittenvironmental pollution and contribute to global warming. Landfill gas to eng@rigéE)
projectsutilise methane emissions of landfills to generate enef@yiscould benefit African countrieas

it reduceswaste and the associated emissions, arithpproves energy supphalthoughLFGE projects

are already proven successimlother countries, theyre not widely implemented iAfrican countries

Thisresearch investigatkthe reasondor the lacking diffusiomndthe conditions that will enable the
SYSNHSYOS 2F [CD9 LINRB2SOia Ay ! FTNR OVhataoaditibng & 6 SNA y 3
enhance the diffusion déndfill gas to energy projects in Africa considering the dynamic behaviour of the

landfill gas to energy innovation systeéifo answer this questiotthe innovation system surrounding

LFGE projectincluding the barriers for diffusiomasbe describedthroughthe Technological

Innovation System (TIS) framewoithis research provides a conceptual mod®inecting the

functional and the structural TIS approaches ingpacalled hybrid approaghvhich was then tailored to

the African LFGE case

Througha literature review andive exploratory expert interviews21 barriers to LFGE in Africa were
identified. The barriers could be categorised into five categories: technical, institutional, organisational,
social, and otherkight barriersvere incorporated into the conceptual model of the hybrid approach

and converted into a system dynamics mqadethich was calibrated to South Afri¢el experiments

were conducted on the SD moddlhese experiments indicated that the wholesale price of electricity
and the efficiency of the waste management system were the most impoliarriers to the diffusion

of LFGE iAfrica as they coulahdividuallycause diffusion ostagnation. Access to the national

electricity grid and private ownership of the landfill, which indicates no tender processes involved, could
accelerate the development if the purchase price of electricity from LFGE was considered adequate
albeit at a slower rate compared to the wholesale price and the waste management sybienvorst

case scenario of both barriemmpedesdiffusion. The development of the national electricity grid and
corruption turned out to have little to no impact on the development of the LFGERTkIms of

policies specific for LFGE, an adequate fieetariff is the most impactful policy as it caneate viability

for LFGE. This policy is followed by ¢idigationto generate electricity from LFGE as this can prevent
the development of LFGE if implemented under the wrong circumstances. An obligation to buy the
electricity from LFGE as well as a requirement to collect the LFG accelerate the diffusimmaist
important barriers are overcome. Finally, the generation of carbon credits can partially compansate
low purchase price, which could create viability of LFGE irs¢haewould normally stagnate.
Nevertheless, thigffect is only temporary as the generatiof carbon credits is not possible anymore
onceLFGE is considered to be the common practice in a country.

The resultsvere synthesised into a flowchart indicating the different pathways to diffusion. This
flowchart can be used by project developers to assess different countries on their LFGE potential.
Additionally,the assessment of the institutional building block allows policymakers to effectively
implement policies that enhance the diffusion of LFGE.

This research comes with its limitations. Firstly, gtiglyfocused on thepotential of existing landfills.
Moreover, the focus of this research was on the formative stage in innovation development.



Additionally, the limited number of interview participants and the limited variety within the group of
interview participantanight have skewed the results into an economic direction.

Future research recommendations include further exploration of the proposed hybrid approach.
Additionally,different stages in the development of the TIS as well as the potential for the TIS to decline
during the formation phase can be considered. Finally, future research could further ettpdtEGE

case by implementing the remaining barriers or the effect of the fossil fuel based regime on the
development of the LFGE TIS.

Key terms:Landfill gas to energyrojects, Technological Innovation Syste®stemDynamics, Africa
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1.Introduction

Population growth, economic development and urlsation are causinga rapid increasé municipal
solid waste (MSWGuerrero et al., 2003Zuber and Ali (2015) define MSW as nbazardous waste
generated in householdsnarkets streets commercial aregsaandindustries.Globally two billion
tonnes of MSWare producedWilson & Velis, 2015Njuko et al. (2018) statthat around85% of the
MSW ends up in landfiligobally Thisgreat share of MSW ending up in landfill is not surprising as
landfilling is one of the cheapest methods to dispose of wésjeku et al., 2018Cudjoe & Han2021)
However landfills are associated withoil and aipollution, and health risksf not managed correctly
(Iravanian & Ravari, 202Muvundika, 201p Additionally,the methaneemitted from landfills
contributes substantially toglobal warning (Njoku et al., 2018)According to Wilson and Velis (2016t
direct methane emissionfsom municipal waste were estimated to be 3% of total greenhouse gas
emissions in 2010.

While methands a significantcontributor to global warming if not managed properly, it can also be
utilisedas arenergy sourcéLi et al., 2015)To capture this energy potential of landfill gas (LFG), landfill
gas to energy (LFGE) projelotsre emergedwWithin a LFGE project, LFG is captured and used in
processes such adectricity generation, direct usepmbined heat and power generation, and vehicle
fuel (Njuko et al., 2018; Li et. a2015) This change in waste management comesh both socialand
environmentalbenefits suchasimproved energy supplyemission reductions, anslaste reduction
(Njoku et al., 2018 et al., 2015Mbazima et al., 2022Anotherbenefit of LFGE projecis due tothe
potentialto generatecarbonrevenuein the form ofEmissiorReductions (ERalso known asarbon
credits(Bogner & Lee2005) While not all LFGE projects necessarily generate carbon creBiBE
projects are recognized dioth the regulatoryand the voluntary carbon markgvCM)and can thus be
used to offset parts of the emissions generated tountryor company whilealsogeneratingrevenue
for either the government or local organisatiosccording to Streck (2021he VCMhas a great
potential to contribute to carbon mitigation action and encourage governments to implement more
ambitious climate actions.

The potential of LFGE projeetithin the VCMbecomesclear when looking at the Ushd TurkeyThe

US currenthhas T70listed, registered or completed LFGE projects under one of the four major carbon
standards as registered in the Berkely databgsayaet al., 202). This databaseontains all carbon

offset projects listed globally by four major voluntary offset project registries from 1998 until 2023
TheseAmericanprojectshave already issuesb million carbon creditswhich is equivalent t&85 million
tonne CQ. Additionally, thedatabase shows&listed, registered or completed LFGE projects for Turkey,
resulting in19 million credits being issuetHayaet al., 202).

1.1 Policy relevance

While LFGE projects hademonstrated to besuccessfyltheir successs not guaranteedrigurel

illustrates the discrepancy between the USA, Turkey, and the whole African contijek. et al.

(2018) state thatifrica has not been able to u#i their LFGAcross the entire African continent,
currently only 2 LFGE projects are registered under one of the major standards, of which nine are
located inSouth Africallayaet al., 2@4). These projects have barely generated 1 million carbon credits
(Haya et al., 2024According to Mbazima et al. (2022nly six ofthesenine projectsin South Africare
operational.However, during the period from 2010 to 2020, 17 LFGE projects were planned in South



Africa, underscorinthe disparity between intention and implementation (Mbazima et al., 2022). This
applies to both VCMelated LFGE projects and LFGE projects in general.

LFGE projects and corresponding credits in different regions
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Figurel. Comparison LFGE projects and corresponding carbon credits in different regions.
Based on data from Haya et al. (2024)

However there is potential for LFGE projects in Africa in terms of waste gener&aatat et al. (2015)
estimate that the total methane production of the African continent is 104965Nh6* , which results
in an electricity potential of 22602 TJ per yeannder theassumptiorthat all waste is landfilled.
Additionally,in most African countries over 90% of their MSW is going to landfiltsthe MSW
generation is expected to double in the next 15 ye&tsverthelessthe few LFGE projecthat are
implementedin thisgeographicahreaindicate thatthe energy potential of LFGE projects remains
underutilised(Njuko et al., 2018; Wilson & Velis, 201&frica ha approximately 1% of the global LFG
utilisation technologiesand the rateat whichthis increasess very ow (Njoku et al., 2018owever
African countries could benefit from utilising LFG through LFGE prageiscess to electricity is often
not sufficient (Cudjoe & Han, 202Hccording to Mbazima et al. (202&)proximately 600 million
people do nothave access to electricity in African countries

The anticipated rise in municipal solid waste across Africaumntriesstresseghe urgefor improved

landfill managemen{Cudjoe & Han, 202Njuko et al., 2018However, he cause othe scarcityof

LFGE projecis Africais stillunclear Somestudies havealreadyidentified factors influencing the

adoption of LFGE projects in Afrigajuko et al., 2018Karekezi et 812009. These factors do not only
include technical factors, but also factors that are related to the stexbnical system surrounding

LFGE projects. For example, Njoku et al. (2018) mention that poor policies on waste and lack of political
will are challengesotthe adoption of LFGE projects.addition,it is expected that the VCM couédfect

the adoption of LFGE projec¢tsut this effect is not widely researched yéio include both the effect of

the technical factors and the netechnical factors on the diision of LFGE projects in Africa, this

research analyses the whole technological innovation system (TIS) surrounding those projects.



However, the relations betweethe drivers and barrietsand other dynamics within the innovation
system, such as feedback loops or delays, remain undleserthelessWalrave and Raven (2016) state
that the growth and decline of innovation systems are dynamically complex procasddlatan
understanding of thénteractions between innovation systems and their environment is important, as
innovation systerado not emerge in a vacuum.

1.2Scientific relevance

While efforts have been made to identify the relevant factors influencing the adoption of LFGE projects
(Karekezi et al2009; Njoku et aJ2018; Mbazima et gl2022), there is a lack of research on the
interactions, feedbacks, and delays of LFGE projaatsore generic approach to study the emergence
of technological innovation systentsthe context of sustainable transitioris through he

Technological Innovation System (Tt&nework(Markard, 2020)A TIS refers to a network of actors

and institutions that interact in a specific technological domain and contribute to the generation,
diffusion, and utilisation of a technology (Markard, 20ZD)rrently, two main approaches exists within
the framework; the dynamic functional approach, and the more stitiecturalapproach.The static
structuralapproach is useful for assessing the status of a TIS at a certain moment in time, whereas th
dynamicTIS functions can be defined as the key processes requiredgoodperformance of a TIS
(Suurs & Hekkert, 200®ekkert et al., 2007; Bergek et al., 2008a; Bergek et al., 2008band Kamp
(2022)have usedhe static structurdTISapproach to create a framework eevenbuilding blocks of
emerging technological innovationiBhese building blocks include product performance and quality,
production system, complementary products and services, product price, network formation and
coordination customers, and innovatiespecific institutionsWhile the static functionabpproach

provides a general understanding of the relevant factors of an emerging technological innovation, the
dynamics within the socitechnical system surrounding a LFGE project remain undiiese, the

dynamic functional approach comes Trhere exist two sets of widely used TIS functions (Hekkert et al.,
2007; Bergek et al., 2008a)alrave and Raven (2016) have created a gesgsatem dynamic6SD)
modelbased on the functions of Hekkert et al. (206¥¥reate an understanding of the relationships
between factorsvithin a TISas well as potential feedback loops and deléd@wvever, separating the
functional and structural approaches prevents investigation into how structural drivers and barriers
affect the diffusion of LFGE projects within the TIS over.tifoaesearch has been conductgdt on
combining the two approaches into one mod€his research wiflll this knowledge gap by creating a
conceptud model of ths hybrid approachAdditionally, this conceptual model will be converted iato
system dynamics (SBjodelto investigate the diffusion ahe LFGHIS over timeAdditionally this
research will contribute to the body of literature on tidéfusionof LFGE projectsy identifying the
conditions required for the emergence of LFGE projects in the African coltersd¢over, the role of the
VCM will be investigated, which is currently not widely done.

1.3Knowledge gaps

While theliterature shows that efforts have been made to identify drivers and barriers for the adoption
of LFGE projects in Africaggnamicunderstandingpf the barriersand their effect orthe diffusion of

the LFGE innovation system is missidgderstanding the dynamic behaviour allows for an explanation
of the lack of diffusion angirovides an opportunityo explore conditions that enhance the emergence

of LFGE projects in Africanother knowledge gap can be found in the omissionasbon financingfor
exampe through the VCMas a potential supporting factor of the LFGE innovation system. Investigating
the impact ofcarbon financingn the diffusion of LFGE projects allows for an evaluation of the



effectiveness o€arbon financingn relation to LFGE projects in the African context and could potentially
lead to increased utilisation of this market mechanignproven effective Aknowledge gap caalsobe
found in the dynamic evaluation of drivers and barriers on the emergence of A my®rid approach,
combining the functional and structural TIS approachesyld both provide the level of detail to
incorporatestructuraldriversand barriers, anghe opportunity to assess the impact of these anig and
barriers over time.

1.4 Research objectives

The first aim of this research is to create a hybrid approach for assessingar®ingthe dynamic
functional approach and theore static structural approach into one model. This links to the second
research aim, which is toreate an understanding of the dynamic behaviour of the LFGE innovation
system to explain the reasons for the limited adoption of LFGE progaudsexplore conditions within

the system under which diffusion of LFGE projects could be enabled. This could guide project developers
in their search focountries in Africa witthigh potentialfor LFGE and thus increase the number of
successful LFGE projects. This may then stimulate further diffusion as benefits baocoaveidely
recognized and best practiceseagstablishedAdditionally, this research could guide policymakers in
creating an enabling institutional context for LFGEe societal benefits of an increased number of LFGE
projects in Africa will be improved waste management and the corresponding reduction in human
health risks, reductiom the impactof African landfills on global warming, and a more secure energy
supply in Africa.

1.5 Research questions
To fulfil the research objectigethe followingresearch question will be answered:

What conditions within the landfill gas to energy innovation system enhance the diffusion of landfill gas
to energy projects in Africa considering the dynamic behaviour of the innovation system?

This research question can be broken dowo e followingfive sub-questions:

1. How can the TIS framework of Oatd Kamp (2022) be connected to tA&S function®

As this research ainte identify the conditions necessary for LFGE to diffassgmbination of

the more general functional approach and the more detailed structural approach to investigate
a TIS is required. Thereforeconnection is made between tistructural framework of Ortand
Kamp (2022and theTIS functionsLater in this study, thiwill be integrated into a SD model to
assess th@'lS of landfill gas to energy projestgecifically

2. What are the key drivers and barriers influencing the adoption of landfill gas to energy projects
in Africa?

To understand why landfill gas to energy projects are currently not emerging in Africa, a
description of the innovation system in which LFGE projects operate is necessanpdktant

step in creating this description of the innovation system is the identification of the drivers and
barriers influencing the adoption of LFGE projects. One factor that will also be included is the
possibility togeneratecarboncreditsto investigateits effect on the diffusion of LFGE projects in
Africa.



3. What are the causal relations between the drivers and baraathe TIS model as defined in
SRQ?

Connecting the drivers and barriers to the &delfollowing the hybrid approach created to
answer SRQWill createan understanding of how thegdrivers and barriers influence the TIS.

4. What are the key factors or combinations of factors within the landfill gas to energy innovation
system influencing the diffusion of landfill gas to energy projects in Africa?

In SRQ3, a general overview of the structure of the system is created. SRQ4 will then identify
which factors or combinations of factors within the structure are most important for the
diffusion of landfill gas to energy projects in Africa.

5. Which system conditions will result ihe diffusion of landfill gas to energyrojects in Africa?

Once the most impactful factors or combinations of factors have been identified, they can be
used in different scenarios to determine the enhancing conditions for the diffusion of landfill gas
to energy projects in Africa.

To answer these questions, a literature study is performed on TIS structures and functiveatea
connection between the two, resulting incenceptual model of théybrid approachAdditionally, a
literature study is performed to identify the drivers and barriers of LFGE projects in Africe. This
complemented byexploratoryexpert interviews This information is combined into a system dynamics
model, which is calibratedn South AfricaThe model wilthen be used to investigate the conditions
necesary for LFGE projects to diffuse.

1.6 Research scope

This research focsgson theformative phaseof landfill gas to energy projects1 country levelEdsand
andBéangens (2024) argue thtatchnologies that are relatively new to a country are often in the
formative phaseDuring the formative stage, thElS structures are developing and slowly taking shape
but feedback loops are still harder to establ{@ergek et al., 2068 Edsand & Bangens, 202&dsand
(2019)argues thathe analysis of an innovation system during the formative stage will provide insights
in the status and trends of processes that are considered to be important for achievitafehgrowth
stage, in which the Tl&asmatured.

Additionally,as this study investigates the conditions necessary FggEprojects to be successful and
diffuse, rather tharproposing policies to stimulate treedoption of LFGE projectspeoject developer
perspectives considered. This is different frothe generalbody of literature on TIS, in which mainly a
government perspective is taken to investigate the effect of policies.cbmpany perspectivasalso
employed by Ortt & Kamp (2022) and Grheagen et al. (2022Fould providea more disaggregated
approach compared to the governmextperspective Nevertheless, this research remains relevant for
policy makers becaudbe institutional structure will also be explored.

Finally, it should be noted that thissearch is performed on country level, rather than on the individual
project level because thélS framework requires a brogslystens perspective



1.7Structure

The rest of the report is structured as followsrst an introduction to landfill gas to energy projects is
givenin Chapter2, followed byan introduction to the TIS framework in Chap8IiChaptel0 explains

the methodology used in this researdrhen the results of the connection between the TIS functions
and the TIS building blocks are presented in Chaptesich is followed byn explanation othe LFGE
TISand the drivers and barriers founid Chapteré. Chapter7 will tailor the modelto the LFGE case,
providevalidation of theSDmodel, andexplainthe experimental desigrChapter8 will present the

results of the experiments, followed by a discussion of the results and a reflection on the research in
Chapter0. Finally, ChaptetOwill conclude the research by answering the research questions and
providing recommendations



2. Landfill gas to energy projects

This chapteintroduceslandfill gas to energy projects as a waste to endegjnology Additionally, the
context of carbon markets and their relation t&GEprojects will be explained.

2.1Landfilling as waste to energy technology

Waste to energy (WtE) technologies extract energy from the organic components of municipal solid
waste (MSW). According to Khan et al. (2022), there are three main processes that extract energy from
waste: thermochemical, biochemical, and chemical. Thetraodcal WtE processes include

incineration, gasification to produce biogas, and pyrolysis, whereas physicochemical processes include
transesterification (Khan et al., 2022; Agbejule et al., 2021). Finally, biochemical processes include
anaerobic and aerobidigestion, fermentation and landfill gas recovery (Khan et al., 2022; Agbejule et
al., 2021)Landfill gas recoverg often performed in &anitarylandfill, which is a facilitysed tostore
non-hazardous waste to limit the impact of the municipal waste on the environment (Agbejule et al.,
2021).The waste stored itheselandfillsbreaks down over time due to biological, physical, and

chemical processes (Agbejule et al., 2021).

Disposal of waste in landfills is considered the least preferred method of waste management and comes
with its problems, such as pungent odour, environmental pollution, and climate change (Njoku et al.,
2018). The decomposition of waste within a landéBults in the emission of landfill gas, which is

mixture of about 50% methane, 50% Dd trace amounts of other gases (Miito & Banadda, 2016;
Muvundika, 2015). Both methane and £Pe greenhouse gases, but methane is 28 tdi3¢s more

potent than CQover 100 years (IPCC, 2013). Additionally, landfills can produce leachate and other
liquids, which could pollute the surface water and groundwgafenanaged incorrectly (AmAsamoah

et al., 2020; Agbejule et al., 2021). Moreover, a landfill can produce strong odieeite thesulphides

and ammonia in the LE@s well as litter and dust affecting their close surroundings (Njoku et al., 2018).
However, landfilling is still a widely used and approved waste management practice in most African
countries becase of its low costs and relatively low complexity of thehnology(Olodu & Erameh,

2023; Njoku et al., 2018).

To reduce the environmental impact of landfills and simultaneously tackle waste management
problems, LFG could be collected. According to Mbazima et al. (2022), the amount of LFG produced
depends on the amount of waste in the landfill, the type of wadte,techniques used for disposing and
handling the waste, and the cover system used. Regarding the type of waste, LFG production requires a
MSW stream with a high organic content,itis theorganic content irthe wastethat will be

anaerobically digestenhside the landfilto produce methane (Olodu & Erameh, 2023). Once collected
the LFG could be flared to convert the methane emissions intee@3sions, directly used, used as
vehicle fuel, or used in a combined heat and power plant (Olodu & Erameh, 2023; Li et al., 2015).
However,due tothe corrosive nature ofiydrogensulphide one of the components dfFGa cleaning
processemoving the hydrogen sulphide and other impuritissequiredbefore directly using the LFG
(Solomon et al., 2021Additionally, the LFG could be converted into electricity in landfill gas to energy
(LFGE) projects. Within a LFGE project, the emitted landfill gas is collected and burned in internal
combustion engines to convert it to electricity (Freeman, 20BRure2 (United States Department of
Energy, 1995hows the typical landfill gas to energy process.
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Figure2. Typical landfill gas to energy facility (United States Department of Energy, 1995)

2.2Landfill gas to energy projects in the context of carbon markets

The introduction of the Kyotprotocol in 1997 resulted in most industrialised countries committing to
national emission targets (Cassimon et al., 2023; Couth et al., 2011). As the Kyoto protocol became
binding in 2005 and put caps on national emissions, it can be seen asaad¢tpde scheme (Cassimon

et al., 2023)With the Kyoto protocol came the Clean Development Mechanism (CDM), which allowed
developing countries tgenerateCertified Emission Reduction (CER) credits, also known as carbon
creditsand equivalento one tonne of C@each by reducing their emissions in emission reduction
projects (Cassimon et al., 2023; Bogner & Lee, 2005). The CERs can then be traded with industrialised
countries, who can use them fuartially offset their emissions (Cassimon et al., 2023). In 2015, the Paris
Agreement superseded the Kyoto protocol, but CERSs resulting from CDM projects continued to issue
carboncredits.In addition the Paris Agreement comes with its own mechanisms that allow the trade of
carbon emissions between countries (Cassimabal., 2023)Emissions reductiancan be traded on

both the regulatory carbon market, where mandatory CERs are exchanged, and the voluntary carbon
market, where voluntargmission reductions (VERsE traded outside the UN climate change regime
(Lang et al., 2019).

There are two ways to use LFG to generate cadredits First, the LFG can be flared, which means
methane will be converted into GQMuvundika, 2015). Since €® less potent than methane, this
reducesthe total emissionsf a landfill which can be converted into carbon credits. However, flaring
does not generate cbenefits, such as electricity. Therefore, this research focuses on the second way to
generating carbon credits, which involves converting the methane into electricity (hiika, 2015).

This prevents most of the methane emissions, resulting in the generation of carbon chdritsover,

the electricity of the national electricity grid is partially replacediwy renewable electricity from LFGE,
resulting inadditionalemission reductiondNevertheless, there is the requirement for carbon projects to
showdadditionalty¢, meaning that the emissions reductions would not have happened without the
carbon project (Couth et al., 201 Brojects that are viable without the sale @drbon credits are not
additiond and therefore cannot generate carbon credits. Moreover, when there is legislation in a
countrythat requires the collectiomnd combustion of LFG, the projectiso not considered additional
(Couth et al., 2011Finally, if @echnology has already diffused in a country, and can therefore be
considered the common practice, it does not meet the additionality requiremdNHCCC, 2017;
UNFCCC, 2015



To assess the diffusion of LFGE in Africa, the TIS framewseddig\ccording to Markard (2020), the TIS
approach iwidely usedo study the emergence of technological innovations in the context of
sustainabldransitions Chapter3 provides an overview of the past research conducted on TIS.



3. Introduction to the TIS framework

A comprehensivditerature reviewwas conducted on th&echnological Innovation System (TIS)

framework The databases Google Scholar, Scopus, and Web of Scienceowsu#ied. Search terms

dzi SR PebhNdbgidal yy 2 @ (i A 2 TeahfiologidallSyYye2 @ GA2Yy {@adGdSYy FdzyOila
GTechnological Yy 2 @ GA2Yy {@aiGSY A0NHOGdINB&aAEdd ¢KS | 60 NBEJAL
Both forward and backwarchewballing was applied to the relevant papefrfie selection of papers was

based on the relevance of the title and abstract of the paper. Pagecsase studies applying the TIS
frameworkwere discardedhs the aim of this search wasdevelop a synthesis of the theqrynless the

TIS frameworkvas used on the diffusion of renewable energy technologies in Atncantailed a
companyperspedive. This resulted il5 papers being selectedn overview of the selected papers is

shown inTablel.

Tablel. Overview of the selected papers

Author TIS approach Contributions

Bergek et al. (2008a) Functional They provide a practical scheme to analyse the differe
TIS functionsThe focus of this scheme is on the analy:
of the TISunctions with limited attention given to its
structures

Bergek et al. (2008b) Functional They propose &unctional frameworko analyse the
dynamics of a TISheir framework is similar to the one
proposed by Hekkert et al. (2007), althousjibtle
differences in interpretation exisfdditionally, they
focus on the analysis tégitimation and development o
positive externalities.

Carlsson & Stankiewicz (199 Structural They provide an early description thie technological
innovation systera framework.The focus lies on the
components of a TIS. The authatsomention
components that are turned into TIS functiandater
research.

Edsand (2019) Functional Edsandcomplements the TIS functions defined by
Hekkert et al. (2007) to fit the context of developing
countries. He proposes three additions to the TIS
functions as well as six landscape factors to consider.

Edsand & Bangens (2024)  Functional They apply the extended TIS functions framework by
Edsand (2019) to analyse the case of solar PV diffusi
Tanzania. They mainly focus on formal and informal
institutions.

Gruenhagen et al. (2022) Functional They identify drivers and barriers on the firm level by
taking an actoworiented perspective when applying the
functional TIS framework. They demonstrate this
through a case on the Australian mining sector.

Hekkert et al. (2007) Functional They switch from the structural approach to the
functional approach by proposing a framework that
focusses on the most important processes within a Tl
GKAOK I NBE OFffSR WFdzy Ol A
framework is similar to the one proposed bgrBek et
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Jacobsson & Bergek (2004)

Jacobsson & Bergek (2011)

Markard (2020)

Ortt & Kamp (2022)

Raven & Walrave (2020)

Suurs (2009)

Suurs & Hekkert (2009)

Walrave & Raven (2016)

Functional

Both

Structural

Structural

Functional

Both

Both

Functional

al. (2008b), although small differences in interpretatio
exist.

They investigate the influence fducingand blocking
mechanisms on TIS functions, specifically in the case
renewable energy, taking Germany, the Netherlands,
and Sweden as an example. Their analysis results in
several policy challenges.

They link the TIS functions as defined by Besjek.
(2008a) to system weaknesses on the structural level
the area of environmental innovation. They also incluc
a variety of recommendations for future research to
improve the TIS framework.

Markard introduces a TIS life cycle framework
considering four stage of TIS development: formation
growth, maturity, and decline, instead of focussomgy
on the formation and growth phase only, like in previo
research. The framework is illustrated with three case
They have developed a TIS framework consisting of
building blocks and influencing conditions that can be
used by companies to create introduction strategies.
They use the system dynamics model by Walrave &
Raven (206) to investigate how policy interventions
influence four types of transformational failures
identified by Weber and Rohracher (2012) through the
dynamics with the TIS functions.

He provides an overview of the TIS framework, both i
terms of structures and functions. Additionally, the TIS
framework is connected to the motors of innovation,
and the relation between TIS structures and TIS
functions is presented. Finally, the framewas
demonstrated on multiple case studies.

¢KS® LINRLR&aS | w{dz0O0Saaah
GKAOK GKS& fAYy]l F2dzNJ wy?2
include different sequences of TIS functions, to the
structural TIS elements by identifying structural driver
and barriers to each motor as well as délsicrg the
impact of each motor on the structure.

They have created a system dynamics model of the
development of a TIS based on the TIS functions by
Hekkert et al. (2007) to understand the emergence of
technological innovation system in the context of a
socictechnical transition pathways.
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3.1Technological Innovation Systamproach

When analysinghe developmenbf technological innovations it is important to take a systems

approach ashese innovationsio not emerge on their own, but they are heavily influenced by the
economical, organisational, and institutional structures surrounding them (Carlsson & Stankiewicz,
1991). Because of this, the diffusion of an innovation is not only an individual, bu atdlective

process (Jacobsson & Bergek, 20@4}lssonand Stankiewicz (1991)ave investigated therocess in

which a new technology emerges and diffubgausirg the concepbf technological systems,
technologicaispecific innovation systemwhich is currently known as a Technological Innovation System
(TIS)TheTlSapproach ismportant for analysinghe developmenbf sustainable transition(Markard,
2020).A TISs defined aga dynamic network of agents interacting in a specific economic/industrial area
under particular institutional infrastructure and involved in the generation, diffusion, andatiiin of
technology (Catsson &Stankiewicz, 1991p.93. Therefore, a TI8oes not only identify technological
components, but all componentglevant forthe innovation process of the technology (Bergek et al.,
2008a) From the definition of a TIS, the main components can be identifie¢edchmologiesactorsand
networks and institutions also known a3 1S structure§Suurs & Hekkert, 200¥arkard, 2020

Following SuurandHekkert (2009),echnologies can be definesthe products and the infrastructures

in which they are integr&td, whileactorsare theorganisatiors that contribute to the emergence of the
technology e.g. developers, adopters, financeasdregulators. Finally, institutions includaws and
regulations, as well as technology standatdyy R Oy 6S @GAS6SR | a4 WNMzZ Sa
2009).

The goal of the TifeBameworkis to create anunderstanding ofhe emergenceand develoment of new
technologicainnovationswithin their innovation systenfWalrave & Raven, 2018arkard, 202D This
can beachievedoy employing astaticapproachto analysing the TIS structures at a certain moment in
time (Suurs & Hekkert, 20098uch analysis of the TIS structugeserally results in an identification of
the drivers and barrier® the diffusion of a TIS (Suurs, 2009).

Ortt and Kamp (2022havedevelopeda TIS framework, which identifies seven TIS building blocks and
seven factors that influence these building blackkeir frameworlcan be usedby companiedo

develop strategieso introduce new technologiegOrtt & Kamp, 2022)The building blocks idenitid are
product price, production system, complementary products and services, network formation and
coordination, customers, and innovatiapecific institutiongOrtt & Kamp, 2022 distinction is made
between the production systerand complementary produc@andservices. The production system
should be able tagdeliver high quality products y f I NAS |j dzr yG A GA SaThe 6 h NI G
complementary products and services, on the other hand, support the development, production,
distribution, adoptionuse, repair, maintenance and disposal of the innova(orit & Kamp, 2022). An
example of a complementary product is the infrastructure supporting the distribution of a prothey.
argue that every building block can turn into a barrier if incompl&teeirframework is static and
therefore mainlysuitable for assessing the status of the 18 specific moment in timeather than
understandinghe mechanisms of the evolution of the TIS.
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3.2 Functions of &echnological Innovation System

Another approach to analysir&T IS is byutlining the TIS functions, which can be defirethe key
processeshat are important for the performance of a TIS (Hekkert et al., 2007; Bergek et ala;2008
Bergek et al., 2008bHekkert et al. (2007Hentify seven TIS functions: entrepreneurial activity,
knowledge development, knowledge diffusion, guidance of search, market formation, resource
mobilisation, and creation of legitimadgtrepreneurial activityturns the potential of new knowledge,
markets and networlsinto new business opportunitiesvhich can be measures the number of new
entrants or the number of experiments with the new technology (Hekkert et al., 2007; Bergek et al.,
2008). The knowledge development and diffusimtiudedifferent methods ofnechanisms of

learning Y I YSt & WESINYyAy3 o6& aSINAKABANRDIWYIIQNY & YR
usinThese functions indicate thgeneration and exchange of information within a network (Hekkert
et al., 2007)Guidance of searctefers to the activities thathange the preferences in society and
generate incentivesr pressure for organisations to enter a .TT8ese activitiesan includenewtargets

set by governments or industrieas well asrticles in professional journafslekkert et al., 2007, Bergek
et al., 2008). The market formation functions relates to the creation of a protected spjacaew
technologiese.g. through e marketor favourable tax regimg as it is often challenging for a new
technology tocompete with incumbent technologies (Hekkert et al., 200Tge final two functions as
described by Hekkert et al. (2007) relate to the mobilisation of humarfiaadcial resourceshichcan

be used as input to the other activities, and the creation of legitimacy of the Td&ubyeracting
resistance to changand lobbyingEdsand (2019) has tailorélde listof functionsdefined by Hekkertte

al. (2007Yo the context of developingountries by proposing three nuances. Fir& proposes to add

the creation of adaptive capacity to the list of functions. He defines adaptive capatity espability of

a country to receive a new technolggyhich can be assessby the status of thdauman, institutional,
and organisational capacity of a country. The second nuBdsandoroposes regards thdistinction
between international and national resource mobilisati@xamples of international resources include
carbonoffsetsand foreign direct investmen{Edsand, 2019). The mobilisation of these resources could
be hampered when other functions are weak (Edsand, 2019). Finally, Edsand proposes to distinguish
between formal creation of legitimacy, througbrmal lobbying orgnisations, and informal creation of
legitimacy, through smalletess organisedroups or individuals (Edsand, 2019).

While Hekkert et al. (2007) give a description of the most imporsativities within a TIS, they do not
provideclearguidance on how to assess the performance of aTid$his endBerge et al. (2008)
have created @ractical scheme that could be used to analys®wvation systems based on both their
structures and dynamic3hese steps are

1. Defining the TIS focus.

2. ldentifying the structural components of a TIS.
3. Mapping the functional patterns of the TIS.

4. Assessing the functionality of the TIS.

5. Identifying drivers and barriers.

6. Specify policy issues.

In the first step, the level of aggregation is determinatter which thestructural componentgactors,
networks, and institutionscan be identifiedBergek et al., 20G8. During the mapping of the functional
patterns, thefulfilment of the TIS functions is assessed. The functions proposed by Bergek et &) (2008
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and Bergek et al. (2008b)e slightly differentcomparedto those identified by Hekkert et al. (2003@nd
includeknowledge development and diffusion, entrepreneurial experimentation, influence in the
direction of search, market formatiodevelopment of positive external economies, legitimisation, and
resource mobilisationStepfour then helps to interpret this fulfilment of the functions the light of the
development phase of the TI&ccording to Bergek et al. (2068t is fruitful todistinguishbetween two
different development phases, the formative phase and the growth phsieee theyboth have

different requirements in terms of the fulfilment of thEIS functionsThey identify the formative phase
as the stage in which there al@rge uncertainties regarding the technology and the market, there is no
well-developed price or performanagf the products, the demand is unarticulated, and the volume of
diffusion is smaller thathe expectedvolume, which could be due to the absencepotitive feedbacks.
On the other hand, they define the growth phase system expansion and largeale diffusionThe

final two steps in the scheme of Bergek et al. (2f)08late tothe identification of the drivers and
barriers enhancing or blockingafI1Sfunctions. These drivers and barriean be both internaand
externalmechanism as well as policiésowever, while these stepacludethe identification ofthe
structural components of the TIfe TIS structureare not used to identifparriers and theirmpacton
the development of the TI®ver time Ratherthey provide a description of theomponentsof the
system(Bergek et al., 20G8.

Suurs and Hekkert (200Bave conducted research on the dynamics that dteahnological innovation.
Theyargue that TIS development may accelerate as a result of positive feedbaclkiogen the TIS

functionsthat interact over timgsoO f f SR WY2 (i 2 NKSAS NYZZZENAAZ2FQRYY 20D

consideredasthe different phasesn the development of a Tkd refer to theinteractions between the

TIS function§Walrave & Raven, 201Raven & Walrave, 20000 ¢ KS WY 2 (i 2 NEScignge Ay y 2 @1

and Technology Push Motor, Entrepreneurial Motor, System Building Mototanket Motor (Suurs
& Hekkert 2009).According to Walrave & Raven (2016 tScience and Technology Push Motor
concerns thedevelopment and diffusion of knowledge, leading to an increase in entrepreneurial
activity, which in turn affects th political and financial supporthis motor is followed by the
EntrepreneuriaMotor, in whichthey argue thatan increased number of entrepreneurs working with
the technology resu#t in an increase in legitimaeyd resource mobilisation, which feeds back into
knowledge developmentThey indicatehe System Building Motdo bethe phase in which the TIS
structuresincrease for examplethe formation ofactors, reconfiguration of institutions, and
infrastructural developmentddowever, due to the incresang requirement for resources for further
development and the still limited internally generated resources, this phase is considered to be
challengingWalrave & Raven, 2016). Fiyaddfter passinghe System Building motpthe Market
Motor is activated. During this phagie innovation systengenerates enough internal resources
maintain the required processesd the innovation system is generally perceiastegitimate (Walrave
& Raven, 2016).

3.3 System Dynamics and TIS

Uriona and Grobbelaar (201pj)ovide a literature revievef fifty-four studies that usesystem dynamics
modelsin the contextof innovation systemslhe papers they reviewedainly included models on R&D
policies, science and technology policies, agglomeration pglemsdiffusion policiesviost of these

papers focus only on part of the innovation system, rather than on the innovation system as a whole.
Walrave and Raven (2018)idge this gap as theyave translated the TIS functions asdi KS Y 2 2 NA
AYY20F A2y Q Ay ((8DmodektcuadirStand tRedexfiérgéic®adt a Di@r time. They
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base their SD model on the TIS functions as identified by Hekkert et al. (286if)method adds a
guantitative approach of assessing the TIS functions, compared quidéative methodgprovided in
literature Bergek et al., 2008&dsand & Bangens, 202Ravenand Walrave (2020) extend this model

by including policy interventiont® assess their effectiveneddoweverthe SDmodelby Walraveand
Raverdoesalsonot considerthe explicit connection between the TIS functions and TIS structures. While
they do acknowledge the TIS structures within their moded, iflations between the TIS structures and
functions are modelled as a black box (Walrave & Raven, ZDii8)creates challenges in assessing the
effect of potential barriers on the diffusion of a TIS over time.
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4.Researchmethodology

Tounderstandwhy LFGE projects are currently not emerging in Africa aegidtuatethe conditions
necessary fotheseprojects to diffuse in Africag good understanding of thmnovation systenis
required.To gain this understandindirst the TIS functions and TIS building blocks as identified by Ortt
& Kamp (2022)vere conceptually linkedThe TISrameworkis used because it focuses on the
emergence of an innovation systesurroundinga techrologicalinnovation. As explained i@hapter3,
there are currently two approaches withihe TIS research, the functional approach and the structural
approach The latterwas extended td'IS building blocks by Ortt & Kamp (20Z2)mbining theséwo
approachesllows for the dynamic assessmenttbé effect of thedrivers and barriers, which are
expected to be related to TIS structumedgher than functionson the development of a TIS.

After the conceptual linkvas created, @escriptive approaciwastaken to understand the different
components of thdtFGH ISand thebarriers to its diffusion. Once theomponents of the LFGE TIS were
inventoried, a system dynamics (SD) model was constructei@e¢penthe understanding of the LFGE

TIS and its emergenc@/alrave and Raven (2016) state that the relations between innovation systems
and their contexare importantas the potential of these systems is reliant on their environment and its
dynamicsAdditionally, they state that the growth and decline of Technological Innovation Systems (TIS)
are dynamically complex processes. This is also acknowledged by Ortt and Kamp (2022) as they state
that a dynamic model is more suitable for understanding medrsiof the evolutionin a TIS compared

to a static modelAdditionally,Saleh et al. (2010) state th&Dhas the purpose to identify the relatign
between system structurgpolicies, angroblematic behaviour to identify potential solutiorBinally,

Bala et al. (2013) argue th8Dis an effective methodor sustainability questions due to its lotigrm
perspective and potential to include feedbackberefore SDis consideredan appropriatemethod to

identify theconditions under which LFQiojects could diffuse in Africds Walrave & Raven (2016)

have already created &8D model on the diffusion of a THBough afunctional approachtheir model

was taken as a starting poita which the building blocks were added

The research desigrf this studyis shown inFigure3. The yellow blocks represent inputs required for a
specific step in the model cycle, while the blue blocks show theaesgarch questions answered in a
certain stepFirst, a conceptual connection between the TIS functions and the TIS buildingveéscks
created.This general conceptual modehsthen used as a starting point for the conceptualisation
phase of the modelling the cycle. The modelling cycle used in this reseaaded on theSDmodelling
cycleas identified byAuping et al(2023). Theyidentify five steps in the modelling cyclBuringthe first
phase problem articulationthe research scope is determindtlis recommended that the focus is on
the problem rather than on th&hole system meaning that only the part of the system that is causing
the problematic behaviour is modell¢duping et al., 2023)n this case, this means only modelling the
parts of the system in detail that are related to the barridfee secongbhasethey identify ishe
conceptualisatiorphase During thisphase a conceptual model is formulated the&n be converted into
the SD modeih the formuhtion phase Additionally,conceptual models can be usedd¢ommunicate

the core structure of a model to the publidburing the formulation phase, the conceptual models
formalized by specifying the equatioasd parameter values. The modehsthen verified and validated
during the model evaluation phase, after whickviisusedfor analysislt should be noted that the
modelling cycle is a highly iterative process that requires moving back and forth between different steps.
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Figure3. Simplified research flow
The yellow blocks represent inputs required for a specific step in the model cycle, while the blue blocks shawsbarshb

questions answered in a certain step.

4.1Conceptual link TIS approaches

First, theTIS functions and the TIS building blocks were conceptually linketswer SRQIThe TIS
functions as identified by Edsand (2019) were udsgdband extendde functionsidentified by Hekkert

et al. (20070 adapt them to thecontext of developing countries. TAS functions were first linked to
the three TIS structures, t@duce the complexity of the model. Once these relations were established,
the conceptual model was extended itecorporate the TIS building blocks. The resulting, more detailed
model, was then usedonverted intoa Causal Loop Diagram (CLD), which not only included the causal
relations between thel'IS functions and TIS building blocks, but also the relations between the TIS
functions hemselvesTo accomplish the latter, the relations identified by Walrave & Raven (2016) were
taken as a starting poirgnd added to the CL[Binally, the CLD was converted into a stock flow diagram
(SFD), which coultien beturnedinto a SD model.

4.2 Problemarticulation

As stated in Sectioh.6, this research foceson the formative phase of landfill gas to energy projects in
Africa. During the formative stage, the TIS structures are developing and slowly taking shape, but
feedback loops are still harder to establish (Bergek et al., 2008a; Edsand & BangensI#62d3ults

in the expectation that the TIS walowly increase at first, but will grow exponentially after this first
period of slow growth.

Moreover, only the existing landfills of a reasonable size are considered as potential LFGE projects.
According to Olodu & Erameh (2023), WtE technologies that are carried out in a controlled environment
are preferred over landfilling. Additionally, theygae that WtE technologies should not compete with
waste reduction strategies. Moreover, Mbazima et al. (2022) raise the challenge of limited space to
develop landfill sites, which is exacerbated by the competition of land with housing and urban
developmen. These argumentmicrease the uncertaintgurroundingthe opening ohew landfills,
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providedcountriesact on themmaking it worthwhile to investigatthis conservative scenario to see
whether LFGE could be viable with the existing number of landfidlsvaste production in a country
Additionally, potential projects should be of a reasonable size as very small landfills do not produce
much methane and are not likely to be converted into a LFGE project.

Finally, the focus of the research will be on the generation of electricity froninL&Gountry Other

forms of energy generation from LFG, such as direct use, vehicle fuel, and combined heat and power
generation are considered to be out of scopgnissions reductions resulting from flaring, rather than
electricity generation are also not considernaddetail

4.3 Conceptualisation
During the system conceptualisatiahg stockflow diagram of the hybrid approackasextended to fit
the LFGE contexto this end, the drivers and barriers to LFGE in Africa were identified.

4.3.1Literature review on LFGE projects

First, the drivers and barriers of LFGE projeeidto beidentified (SRQ). The drivers and barrieraere

determinedby a literature review, whiclvascomplemented withexploratoryexpert interviewsDuring

the literature review, a general idea dfivers and barriers was formedo this end, the Google Scholar,
{O021L)za> YR 2S00 2F {OASYyOS RI{lolFrasSa 4SNB dzaSRo C
FYR Wil yRFTFAfE AL A G2 SySNHEe dziAftAalridAzyQ gSNB dza s
second roundthese search queries were complemented with thild & W! FNA OF QX WOt Sl y |
YSOKFYyAaYQ YR W@2fdzydFNE OFNbB2Yy YIFINJSGQ G2 Fylfe
geographical scope. The relevance of the resulting papers was determineddyatbexitities and

abstractsPapers about landfill gas to enerigyAfrican countries were considered relevant and were

therefore selectedPapers with the wrong geographical or technological s¢epgp othernwaste to
energytechnologieswere discardedas well as papers that had a scope that was toinézal, such as
papersdetermining the energy potential of LFGE projects in a specific country. Finally, papers that were

about waste to energy technologies in general, without specifically investigating landfill gas to energy

were discarded. This resulted@papers being selecte@able2).

Table2. Papers selected for LFGE literature review

Author Geographical focus Technological focus

Adeleke et al. (2021) South Africa Anaerobic digestion, landfill gas
recovery, and incineration
Dlamini et al. (2019) @ South Africa Landfill gas recovery, incineration,

and anaerobic digestion

Agbejule et al. (2021) Ghana [FYRUEt oA23laz
incineration, anaerobic digestion,
and aerobic composting

Karekezi et al. (2009) Africa Anaerobic digestion, incineration,
and landfill gas production

Njoku et al. (2018) South Africa Landfill gas utilisation

Mbazima et al. (2022) South Africa Landfill gas
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4.3.2Expert interviews

In addition to the literature reviewfive expert interviews were conductet complement the literature
review.The interviews comply with th€U Delft regulations on human research and ethics as the
interview process was approved by the TU Delft Human Research and Ethics CorfiifitEe number
4170).The main objective of the interviews wasdeepen theunderstandng ofthe drivers and barriers
found in literature, as well as to extend the list of drivers and barriers foAdditionally, the aim was
to obtain an understanding of thieuilding block®f the LFGE TIS atiae role of carbon financing within
LFGE project&lthoughinterviews are dime consuminglata collection method and therefore only
possible at a smaller scand might result irsubjective perspectivesither than objective
representations of realitytheyare considered to bea valuable source of informatioheinteractive
nature of interviews allowasking for clarification and probing into emerging topiekich is expected
to broaden the understanding of the phenomena of inter@sshengeeti 2014. During this research,
key informant sampling wassed meaning thapeople who are knowledgeable on the topic of landfill
gas to energy projects were targetdoung et al., 2004 Potentialrespondentsvere recommended by
Anthesis; Climate Neutral GroupgConsequently,dur of the fiverespondents currently work for
Anthesis; Climate Neutral Grouplhey have all been involved in the development in landfill gas to
energy projectsn the Middle EastAfricaand the Caribbearand other regiondn either their current
work or in the pastThey can therefore beonsidered experts on LFGE project development.
Additionally,four of the respondents also have experience on carbon markets, making them valuable
assesin creating an understanding of both LFGE project development in general and the opportunities
provided by carbon market#lost respondentsvere based in the Netherlandblevertheless, a
respondent baseth South Africa was included tncorporatean African perspectivd=inally,one
respondent outside of AnthesisClimate Neutral Group was selecteda@ate additional varietyThis
respondenthas worked foVeluw® Afval Recyclingnow Aterrqg which isawasteprocessinggompany
based in the Netherland3.o ensure the privacy of thespondents no job titles or additional
information is shared.

Most interviews were conductednline, however, theravasalsoaninterviewthat wasconducted fae-

to-face.Each interview took around 60 minutasd was of a senstructured nature The interviews

SNBE O2yRdzOGSR Ay SAGKSNI 5dzi OK 2 NJ 9pusfigthda K RSLISY RA
interviews, questions were asked about the drivers and barriers, as well as abote¢haology, actor,

and institutions relevant to LFGE projects to obtain an understanding dflstructuresThe interview

guide is provided idppendix A. InterviewSemi-structured interviews were chosen over unstructured

and structured interviews becauskey allowthe flexibility to further investigatetopics emerging during

the interview, whilemaintainingstructure, which makesomparison between interviews easi@ppich

et al., 2019)

Before every interview, informed consent was acquired for participation in the research, and for
recording the interviewThe interviews were recorded and transcribtbdough Microsoft Teams, after
which the transcript was manually checked to correct any mistakes made by the sqfamdre
convertedinto a more readable transcript usimgtelligent verbatim transcriptionwithin an intelligent
verbatim transcription, filler words are removed to make the trangampre readable while preserving
the main messagéeppich et al., 20)9Because of the exploratory nature of the interviews, the
interviews were not coded, which increased the importance of a readable trandedphtranscript was
then sent to thecorrespondingespondentto provide the opportunity to correct any mistakéko
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guarantee anonymity and protect the privacy of the participants, the trapsoris are not included in

this report. Quotations from the participants argted in this researchas LISNR 2y [ f O2 YYdzy A O
Finally, the drivers and barriers were extracted from the interview data, as well as the insights on the TIS
structures.The findings are presented in an anonymised manner in Segtibn

4.3.3Conceptual modeaf LFGE TIS

Once the drivers and barriers were identifiedselection of them waimcorporated irto the conceptual
modelof the hybrid approactio create a model tailored to the LFGE, W8ich provides aanswerto
SRQ3The aggregated conceptualisation of the hybrid approach was complemented by two submodels.
Each of the submodels zooms in on a specific part ohtfggegated model. Submodel 1 focuses on the
institutions, market formation, including the product price and demaadd the carbon credit

structures Submodel 2 zooms in on tiiending processesnore specificallpn domestic and foreign
investrent, required for the implementation of LFGE projects.

4.4 Model formation

During the model formation phase, tle®nceptualisationsveretranslated into &SDmodelby assigning
values to the variable§o this end tle software tool VensirRro10.2.0wasused The model was
calibrated to South AfricaCalibration to a specific case makes evaluatibthe model more
straightforward.There are three ways testimate the variables within &@Dmodel 1) estimation from
unaggregated data, 2) estimation from an equatiand 3) estimation from the knowledge of teatire
model structure Bala et al., 2017 For the constants in the modéhe first methodfor variable
estimation was preferredData was collected fromecientific literature World Bank indicatorgnd
documentation of existingrojects, whichis freely availablén the registries of carbon standards, such
as Verra and Gold Standakfhen no unaggregated data was available estimation was made based
on the expected behaviour of the model. The other variables in the model were estimated by an
equation which was either based on literature or on assumptiabhsutthe model behaviour.
Dimensional consistency testgere regularly conducted throughouhe model formation toensure
correctnesof the equations.

4.5Model evaluation

To build confidence in the model, the model weesified, tested and validatedVerificationis done to
ensure the model was built correctind was converted correctfyom the conceptualisationBalci,
1994).Testingcomparesthe model to thedescriptiveknowledge of theealworld, while validation
examineghe plausibility of the resultand therefore its usefulneqgorrester & Sengel980).As there

is no single test thatalidates a model, a variety of test&re performed.The model was tested and
validated by performing a structure verification tesgtreme conditions testyehaviour reproduction

test, and a behavioural sensitivity tegt more elaborate description of the tests, as well as their results
are presented in Section3.
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4.6Model use

Once the model was verified and validatedyasused to answer SRQ4 and SR} sensitivity

analysis performed duringnodel validatiorprovidedpreliminary insights intéhe relative importance of
the modelbarriers To explore this in more detaihddetermine the most important barriers (SRQH)
experiments were conductedhe experimental design is includedAppendix H. Experimental design
The experimentsalso provided insights into theonditions required for diffusion (SRQ5). The
experiments were conductedn best case and worse case scenarios for each of the modelled barriers.
The resultsvere compared to a base case scenario.
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5.LinkingTISfunctionsand TI1®uilding blocks

As mentionedn Chapter2.2, there are currentlywo main approaches within TIS research; the

functional approach and thstructural approach. fe structural approachwhich is of a more static
nature,assesses the status of a TIS at a specific moment in time and typically results in the identification
of drivers and barriers to this development. The more dynamic functional approach on the other hand
assesses the fulfilment of the key activities, theflifftions, and results in an understanding of the
diffusion of a TIS over time. Nevertheless, discerning between these two approaches impedes the
exploration of how specificrivers and barriers, such as poor infrastructure or lack of supporting
institutions, affect the longerm diffusion of a TIS. Therefore, a combination of the structural and
functional approacha so called hybrid approagds proposedCurrently, this hybrid approach has not

been applied in other studies. Bergek et al. (2008a) have proposed to identify the structures, while also
assessing the TIS functions. However, they do not explicitly connect the structures to the functions.
Suurs 2009)provides a higHevel explanation ofhe relation between TIS structures and TIS functions

He states that TIS structures gradually develop over time and are subject to changes over time. These
changes are represented by the TIS funtdias theyrepresent more rapid changes (Suurs, 2009).
However, the explanation of threlation remains at a highlevel. Jacobsson & Bergek (2011) explain the
causes of weak TIS functions by linking them to system weaknesses on the structural level. However, the
exact impact of the weak TIS structures remains unckaally,Walrave and Raven (2016) have tried to
capturethe relationintheirmodelo & F RRAY 3 | We¢L{ &G NITWENBaAQ aG201]
development Nevertheless, they have aggregated three TIS structures into this one stock, which
creates a black boxf the exact relations between the TIS functions and the specific TIS structures
(Walrave & Raven, 2016).

5.1 TIS functions and structures within this research

To combine the functional and structural approach, and thus to analyse the diffuségohl8fover time

in a more disaggregated way, the TIS functions are linked to the TIS building blocks defined by Ortt and
Kamp (2022)AlthoughHekkert et al. (2007) and Bergek et al. (20d&a)e defined two sets of TIS

functions that are most widely used in TIS research, this research follows the TIS functions proposed by
Edsand (2019)WWhile his list of functions is largely in line with the functions defined by Hekkert et al.
(2007),Edsand has proposed three additional functiong @édapt the TIS functianto the context

developing counies The TIS functiorsonsidered in this research are: entrepreneurial activity,

knowledge development, knowledge diffusion, creation of adaptive capacity, guidance of search, market
formation, national resource mobilisation, international resource mobilisation, and creation of
legitimacy.Table3 presents a description of the functions as used in this resedtrshould be noted

that Edsand (2019) argues that the relevance of distinguishing between formal and informal creation of
legitimacy depends on the accessibility of internet within a courtdg argues thatccess to internet

eases the share and access of information, which accelerates the formation of public opinion. Therefore,
he argues that the distinction between formal and informal creation of legitimation could lose its
relevance when the access toanbet is very low. Nevertheless, tidifferentiation inthe creation of
legitimation will be employed in this research because sharing information through social media is only
one way through which the public opinion is shapEuhally, it is important to note that in this research,
guidanceof search is related to the suppsrde of a new technologyuidance of search is often fulfilled
through industries and governments by selecting which technology to invest their limited resources in
(Suurs, 2009; Hekkert et al., 200These investments result in the production a@ntprovement of the
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new technologyTo enhance the demand for the new technolpgyvernmental resources could be
employed for example bymplementingsubsid/ programs

Table3. TIS functions

TIS function Description Indicator Source

F1. Entrepreneurial Activities concerning the Started and planned Edsand & Bangens
activities new technology. projects. (2024)

F2.a Knowledge Knowledge created Number of ublications Bergek et al.
development regarding the new regarding new technology. (2008a)

technology.

F2.b Creation of adaptive The capability of a country Level of human (e.g. level of Edsand (2019)
capacity to receive a new higher education),

technology. institutional, and
organizational adaptive
capacity.

F3. Knowledge diffusion Distribution of knowledge = Numberof conferences Edsand (2019)
regarding the new about the new technology. Hekkert et al. (2007)
technology through an
actor network.

F4. Guidance of Search Activities that shape the Expectations about the Bergek et al.
needs, requirements and  technology (2008a) Suurs
expectations of actors (2009)
regarding support of the
new technology.

F5.  Market formation Market entry assistance for Pricing policies, e.g. feed Edsand & Bangens
the newtechnology to tariffs, tax exemptions etc.  (2024) Edsand
encourage supply. (2019)

F6.a Resource Resources allocated by the Funds to R&D. Edsand & Bangens
mobilisation nationalgovernmentor Subsidies for the new (2024); Edsand
(national) industryto the new technology. (2019)

technology

F6.b Resource International resources Availability, size, and type of Edsand & Bangens
mobilisation allocated to the new international resources (2024); Edsand
(international) technology. allocated to the new (2019)

technology.

F7.a Creation of legitimacy Formal support for the new Formal advocacy groups. Adapted from

(formal) technology. Edsand & Bangens
(2024) and Edsand

(2019)
F7.b Creation oflegitimacy Support for the new Public opinion, supporifor Edsand & Bangens

(informal)

technology by the general
public.

and acceptancef new
technology

(2024); Edsand
(2019)

The conceptual model linking the TIS structures with the TIS funédoombined with the

disaggregated structural framework of Ortt and Kamp (2022). The building blocks can be considered a
specification of the TIS structures. This is useful when creating an understanding of the conditions

necessary fothe successful adoption of a technology since this requires, for example, an understanding
of the demandside, and the different components of a technology, such as the infrastructure and price.
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Integrating these two approaches is done in two steps. First, albigh conceptual model is created in
which the TIS structures, technology, actors and networks, and institutions, are connected with the TIS
functions(Figure4). Then this higlevel conceptual model is specified by integrating the building blocks
as identified by Ortt and Kamp (2022). A description of the building blocks, and the link to the TIS
structures is shown iable4. Although Ortt and Kamp (2022) also considered a demand structure, it
was decided not to incorporate demand as an explicit structure in this research, as this would confine
only one building block, customers, within this category. Therefore, customerstegorised in the

actors and networks structure. Price is considered to be directly linked to the product and is therefore
considered to be part of the technology structure. Finally, an important note regarding the innovation
specific institutions is thaulfilment of this building block is achieved when an enabling institutional
environment for the new technology has been created. Therefore, supporting institutions build up the
building block, while obstructing institutions block the fulfilment of thiglding block Another

important note concerns the product performance and quality building block. In this research, product
performance and qualityelatesto the theoretical performance achieved by the new technology,
independent ofthe execution. When the knowledge required to achieve high performance is present,
this building block is considered fulfilled. Low performance due to inadequate execution is addressed by
the production system building block

Table4. TIS building blocks and their corresponding TIS structure.
Source: adapted from Ortt & Kamp (2022)

Building block Description Corresponding TIS
structure
Product performance A new technology with a gogabtential performance and Technology
and quality quality compared to competing technology.
Production system A production system delivering a high quality product a Technology
large scale.
Complementary Products and services supporting the development, Technology

products and services  productions, distribution, adoption, use, repair,
maintenance, and disposal of the new technology.

Product price The financiapurchaseprice of the new technology Technology
Networkformation and  The networls of actors in the supply chain. Actors and networks
coordination

Customers Customers that are aware of the innovations, see its  Actors and networks

benefits, and have the knowledge and the means to

acquire the new technology.
Innovationspecific Formalrules surrounding the new technology. Institutions
institutions

5.2 Linking the TIS building blocks to the TIS functions

Figure4 shows a highevel conceptual link between the TIS structures and théufi&ions Replacing
the TIS structureby the TIS building blockssults in themore detailedconceptual link irfFigureb. Note
that in both Figure4 andFigure5, the relations between the TIS functions and the TIS
structures/building blocks themselves are not shown to prevent cluttering of the model.
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Figure4. Hightlevel conceptualisation connection the TIS structures and TIS functions

Source: Own work
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Figure5. Detailed conceptualisation connecting the building blocks as identified by Ortt & Kamp (2022) to the TIS functions.
Source: Own work
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As mentioned in Sectio, the TIS structuréechnologyconsists of the technologies within the TIS and

the technological infrastructure in which they are implemented (Suurs & Hekkert, 2009). Technology is
influenced by the technological knowledge developed and diffused. Suurs (2009) states that knowledge
devdopment is an important condition for the emergence of a technology as it affeetliability,

and thus performance, of a technology. The developed knowledge is then diffused through a network of
actors (Edsand, 2019), improving the product performance even more as more actors now possess the
knowledgeresulting inthe quality of the producbecomingmore homogeneously. Additionally,

technology is influenced by entrepreneurial activity becanseeasedmplementationof the

technologycould result in a improvement of the required infrastructure (Walrave & Raven, 2016).
Finally, resource mobilisation influences the production system and complementary products and
services. These elements require human, natural, and financial resources to be buil&, Karttp,

2022). To acquire these resources, the available resources need to be allocated to the technology
structure through the resource mobilisation function.

Technology, in its turn, influences the formal perceived legitimacy of the TIS. More specifically, an
increase in the technology structure, such as the development of the necessary infrastructure, increases
market legitimacy (Walrave & Raven, 2016). Adddily, ahighexpected performance of a technology

could increase the formal legitimacy of the technology (Bergek et al., 2008b). Besides, a good product
could also increase the support of the general publicichincreaseghe informal legitimacy. Theame

goes for the act@and institutiors structures. An increase in, for example, network formation (actors)

or supporting regulations (institutions) increases the formal market legitimacy of a TIS (Walrave &
Raven, 2016)t is important to note that networks are not required for the informal creation of

legitimacy, ashe creation of public suppoxtan also be carried out by individuéisdsand, 2019).

The state of the technology and its fit to existing institutions both influence the guidance of search as
these could result in higher expectatioosthe technology(Suurs, 2009)¥inally the product price can
be influenced by the market formation function througkicing policies, such dsed-in tariffs.

Actors and their networks play an important role in the development and diffusion of knowledge within
the TIS (Hekkert et al., 2007; Suurs, 2009). Actors, such as universities or entrepreneurs, develop
knowledge regarding the new technology, which is tepread through a network of actors (Suurs,

2009). Additionally, actors influence the guidance of search, as guidance of search can be considered the
process of exchanging expectations regarding the new technology between different actors (Suurs,
2009; Hekkrt et al., 2007). Actors and networks are also influenced by the legitimacy of a TIS and
entrepreneurial activity. When a TIS gains legitimacy, it could attract more actors that are willing to
work in it because the risks associated with the TIS decrease (Walrave & Raven, 2016). A specific actor
group that could be attracted due to the increased legitimacy are the customers. Bergek et al. (2008b)
argue that legitimacy is a requirement for the formatiohdemand. Additionally, formal lobbying could
resultin institutional changes when authorities are urged to adjust the institutional configuration (Suurs,
2009). Another influence on actors and networks is an increase in entrepreneurial activity, which results
in the formation of entrepreneurial networks ametworks of interest groups (Walrave & Raven, 2016).
This increase in entrepreneurial activity could also create the need for institutional changes, influencing
the institutional structure (Walrave & Raven, 2016). When institutional changes include shange
resulting in a protected market, through favourable tax regimes or the creation of niche markets, it
enhances the formation of a market (Jacobsson & Bergek, 2011; Hekkert et al, 2007).
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Figureb emphasises the importance of networks, institutions, and product performance and quality as
these building blocks influence most TIS functions. On the other hand, entrepreneurial activity is the
function with the greatest influence over the building blecknaking it an important function in building
up theTIS

5.3 Conceptualigtion ofthe hybrid approach

The conceptual link between the TIS functions and building blodkigime5 is extended by adding the

relations between the TIS functions and the building blocks themseélhessubsystem modehownin

Figure6 illustrates the mairrelations within the hybrid model, while Figure7 shows the SFDf the

hybrid approachThe corresponding CLD is presented\ppendixB® / 2 Yy OSLJidzr £ Y2RSt a Wk
I LILINB I OKQ

The building blocks in thgeneralSFD model are modelled in an abstract wiyey should be bulup

over time, meaning they will have a value of 1 when complete and 0 whesexistent. Zooming into a
specific aspect of the model changes the level of abstraction, providing the opportunity to model that
part of the system with realvorld valuesThis section elaborates on the relations that are not yet
explained in Sectiof.2 Walrave & Raven (2016) have alreanlyicated various relations between the
TIS functions themselves. fiigure7 these relations are depicted in re@ihese relations are taken as a
starting point and extended with the relations between the TIS functions and the building blocks.

Adaptive capacity has a positive impact on the development of technological knowledge. As indicated by
Esmailzadeh et al. (2020), the ability of a developing country to receive a new technology and absorb
external knowledge is important for the developmaaitknowledge within that country. Actors and

their networks also play an important role in the development and diffusion of knowledge within the TIS
(Hekkert et al., 2007; Suurs, 2009).

Another function influencing knowledge development, as well as knowledge diffusmomisstic
resourcemobilisation (Walrave & Raven, 2016). An increase in resources, often financial, results in more
research activities, as well as more conferences on the topic (Suurs & Hekkert, 2009). The amount of
domesticresources available is influenced by the guidance of search (Walrave & Raven, 2016). High
expectations about the technology, as well as targets to which the technology is related could allocate
more resourcese.g.in the form of investmentgowards the technology (Suurs & Hekkert, 2009). With
these resources the production system and the necessary infrastructure can beigistment into

the development of the production system calsocome fromforeign direct investment through

international resource mobilisatiohnvestment decisions are often based on the perceived profitability

of a project, whichs associated with the tkson the investmentLiu & Zeng (2017) have identified three

main rislsin renewable energy investmenmarket risk, policy risk, and technological risk. They argue

that technology risks related totechnology maturity, progressiveness and applicability. Additionally,

they associate policy risk with uncertainties regarding access policy, price policy, and industry regulation.
Finally, they distinguish between two forms of market risk; external and internal. External market risk,
they argue, has to do with market access b, market competitiveness, and market growth

potential. On the other hand, they argue thaiternal riskis associated witaO2 Y LI ye uda Uyl y OA I f
service quality and marketing capabiliti&¥ithin the context of the TIS functions and building blocks,

the externalmarketriskcan berelated to the market formation function, while the risk and the product
maturity are related to the innovatiospecific institutions angroduct performance and quality,
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respectivelyThe assumption is made that only financial healthy companies, that are actually able to
invest in these large projects, will invest in LFGE projects, making the internal market risk negligible.

According to Walrave and Raven (20k@pwledge development has a negative influence on the

current state of the knowledge diffused in the TIS, meaning that if more knowledge is developed, this
new knowledge needs to be diffused, reducing the amount of knowledge being diffused at that specific
moment in time

Knowledge development and knowledge diffusion influence the expectations of a technology, shaping
the guidance of search (WalrageRaven, 2016). Additionally, knowledge development and diffusion
result in more formal support for the technology (Walrave & Raven, 2016). This higher level of formal
legitimacy implies that entrepreneurs become more interested to work within the TIi&ubedhe risks
associated with the technology decrease when formal legitimacy is increasing (Walrave & Raven, 2016).
This strengthens the actor structusincemore entrepreneurial activity could result in the formation of
entrepreneurial networks, as weldk networks of interest groups (Walrave & Raven, 20h&rmal
legitimacy, on the other hand, partially determines the growth in entrepreneurial activities. Informal
institutions, which are incorporated under informal legitimacy, such as the believe that certain products
should be free, could result in lessteepreneurial activities athey increase the risks of working within

the TIS Ahigh acceptance of the new technolggyn the other handreduces this risk and could result

in more entrepreneuriahctivity (Edsand & Bangens, 2024).

Increased entrepreneurial activity results in the development of actor networks, improvement of the
required infrastructure, and institutions (Walrave & Raven, 2016). These institutions could affect the
market formation function as this function consiststiee pricing policies that enhance supply, such as
feedn tariffs or tax exemptions, resulting in lower risks for entrepreneurs and therefore increasing
entrepreneurial activity. These pricing policies require financial resources, which need to beseabbili
toward the TIS. Additionally, the articulation of demand, resulting in customamsbeenhancedoy
specific policies, such as subsidies for consumers. Howevealghigquires resources, which need to
be mobilised. Moreover, demand is influenced by the product price through market forces.

Guidance of search is influenced by all TIS structures. Actors play an important role in shaping the
guidance of search as this function can be considered a process of exchanging expectations regarding
the new technology between different actors (SuursQ20Hekkert et al., 2007). Additionally, the state

of the technology and its fit to the current institutions could increase or decrease the expectations and
thus the guidance of search (Suurs, 2009). A high product performance increases the expecthtiens, w
a good fit to the current institutions reduces perceived barriers to the technology, also raising
expectations. Guidance of search could increase the resources being allocated to the new technology,
contributing to resource mobilisation (Suurs & Hekkert, 2009).

The TIS structures are modelled as stocks, as these need to be formalised to develop the TIS. Their flows,
the changes in these structures, are influenced by the TIS functions, as well as the drivers and barriers
corresponding to the structure. It is exped that most drivers and barriers arelated to process that

only change slowly, and are therefaséa structural nature (e.g. lack of institutions, poor quality of the
technology. The TIS structuresill then affect the performance of the TIS functmidowever, it is

possible that drivers and barriers directly influence a TIS funcliberefore, these idect relations

should be considered when applying the conceptualisation to a specific case.
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The TIS functions are modelled as factors. As they are needed to build up the building blocks, they are
influencing the inflows of the stock&he TIS functions change based on changes in other TIS functions
or changes in the TIS structures. Each of the TIS fund@malso be considereastockflow structure
However, to prevent cluttering and to keep the focus on lidding blocksthey are shown as factors

in Figure7. Additionally, both the TIS functions and the TIS building blocks can be modelled in more
detail by zooming imn the stockflow structure, when this is required.

It should be noted that the building blocks do not have any outflows. The assumption was made that
mainly the inflows are relevant as the scope of the model is the formation phase of a TIS, in which the
TIS starts taking shape. This means that the TI®wsrgy. The outflows become more important in
models that include the decline phase of an innovation system (e.g. Markard, 2020). However, there
mightbe building blocks that decline during the formation phase, for example network formation and
coordination. Nevertheless, to limit the complexity of the model, these outflows are not considered.
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6.The landfill gas to energy technological innovation system

This chapteexplains the building blocks of the technological innovation system surrounding LFGE
projects. Additionally, the drivers and barriers to these projects will be identifiedhis end, a
literature reviewwasperformed and expert interviews were conducted.

6.1Building blocks of LFGE projects
From the literature review and the interviesa synthesiof the building blocks of the LFGE TIS can be
created.

6.1.1Product performance and quality

The product of LFGE is electricity. To generate electricity, a sufficient flow of LFG needs to be produced

within alandfill. The interviews indicated that this flow is not constant because of the intermittency of

the biological process required for the decay of organic waste and therefore the production of LFG.

Bogner & Lee (2005) also mention temperature and droaghfactors influencing the LFG production in

South Africa. They state that, while high temperageahance LFG production, low precipitaticies

reduce it. Njoku et al. (2018) also mention the quality and the duration of the LFG generation as an

important factor that needs to be considered before the implementation of a LFGE project. During the
interviews it was mentioned that the LFG produt 2y OFl'y 6S SyKIyOSR o6& 3JI22R |
y2i KF@S LINBLISNI t+FyRFAEE RSaAdy FyR RNIAYyF3IS SG O
communication, 2024).

Within this researchthis building block is fulfilled when tHenowledge to create high quality electricity
from LFG is present within the countijhis means that theoretically, a high quality product could be
produced.To avoid double counting, amleviation from this theoretical performanadue to an

incomplete production system is considered in the corresponding building ,ldsdke production

system building block is defined adproduction system delivering a high quality product at a large
scalé. Therefore, when the production system building block is complete, the theoretical performance
ismet.

6.1.2Production system

As sufficient LF@roductionis required for the generation of electricity, the production system of LFGE

projects does not only include the engines converting the LFG to electricity, but also the infrastructure
required for LFG production. This includes the landfill and its deBigting the interviews it was

mentioned that the landfill should have enough watiebe digestedo produceLFG, as well as pipes

transporting the produced LFG. Additionally, a drainage system and a cover enhance the praahattion

capture of LFG akey prevent the waste from containing too much moisture, which would impede the

LINE RdzOG A2y 2F [CDX FyR NBRdzOS GKS FY2dzyd 2F [CD
gl & 2dzi F2N G§KS [(@eBonal 2odanuRicalich, 202&4).S LJIA LIS & ¢

Since this research investigates the diffusion of LFGE projects on countryuiéllgig the production

system building block means thidie production system for all implemented projects should be in place.

6.1.3Complementary products and services

Complementary products and servidbst areimportant for the production of LFG and electricity from
LFGE projects are the waste management system and the national electricity grid. Inappropriate waste
management is problematic for the implementation of LFGE projects. An insufficient, unreliable flo
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waste to a landfill can impede LFGE projects as a minimum amount of weexteired for a sufficient

amount of LFG to be produced (Karekezi et al. 2009; Njoku et al. 201; Adeleke et al., 2021). Additionally,
the generated electricity needs to be connected to its -@seérs. The most weknown way to do is

through the national edctricity grid. The electricity could also be directly connected to the et

through a direct cabler used onsite. However, the lattemeans no revenue is generated.

6.1.4Product price

The product price in the LFGE TIS is the purchase price for the electricity generated during the project,
which means it is the price paid on the demand side. The purchase price can eithentdeotbeale
market price for renewable electricitp be paid by the electricity distributeror a specific price
negotiated with the electricitypfftaker. In the latter case, the electricityften doesnot flow through the
national grid but directly to the offtaker. For this, the offtaker needs to be relativefedio the landfill
where the electricity is produced. Finally, the price can be determined thrprigimgpolicies. Some
countries have implemented feeid tariffs to reduce the risk for investors. According to Couture and
Gagnon (2009), feein tariffs are considered to benaffective policy for incentivising the development
of renewable energy sources. They identify two general fieedksign options: market independent
feed-in tariffs and marketependent feedn tariffs. The most common feed tariff design is the fixed
price feedin. This is a market independent design in which a fixéck is agreed on for a specific time
period, and often includes a purchase guarantee (Couture & Gangnon, Zb@3nportance of
adequate feedn tariffs was also acknowledged thyree of the participants.One of the participants
expected to find a significant correlation between the fdadariffs and the implementation of LFGE
projects as feedn tariffs help making the project economically viable

Finally, carbon credits plarole in the revenue created from LFGE projects. However, carbon credits
are a separate flow of income, which is rewarded for the emission reduatibieved bythe project

rather than for the electricity that is generated during the project. Therefore, the price of carbon credits
is not included in the purchase price and does therefore not belong to the product price building block.

6.1.5Network formation and coordination
The relevant actors related to LFGE project that were mentioned during the interviews are shown in
Table5.
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Table5. Most important actors related to LFGE projects

Actor Role

Municipalities/local authorities Decisionmakers, potential owners of the landfill and the projet

Landfill owner They own the landfill. This can be either a public organisation
such as a municipality, or a private party.

Project operator They operate the LFG extraction system and its conversion tc
electricity.

Financial institutions (e.g. The providdunding in the form of loans for the investment in &

banks) LFGE project.

Private investors They invest in the project. This category includes investments
create the carbon layer of the project.

Neighbouring communities They feel the environmental and social impact of a landfill anc
therefore also the improvements made through a LFGE proje

Scavengers They earn their livelihood from the landfill. Sometimes they e\
live on the landfill.

Electricity offtakers The customers of the project. They buy the electricity. They ¢
be distributor companies oparties buying the electricity
directly.

Waste companies The collecthe waste and deliver it to the landfill.

6.1.6Customers

The customers of a LFGE project are the parties buying the generated electricity. These can either be
electricity distributorghat sell the electricity on the national gridr parties that buy the electricity

directly, without using the national grid.o reduce complexity, argustomers that do use the national
electricity grid but do not buy it through an electricity distributor anet considered separately.

6.1.7Innovationspecific institutions

lf 0K2dAK 2yS LINLAOALI YOG adFGSR GKFG avyz2ad 2F (GKS
communication, 2024), it is still important to create an overview of the relevant poticwiabow the
assessment of the building blod&en if policies do not act as a barrier, theould still be potential for
improvement by transforming the institutional framework into a driver. Mbazima et al. (2022) state that
there is a lack of policies promoting LFGE projects in South Africa. They propose implempalicy a

that mandates generating electricity from the captured LFGE. Additionally, they state that the existing
policies and regulations should be reviewed to ensure maimithe benefits from LFGE projects.

Before an obligationto generate electricity is implemented,plicymandatingthe collection of LFG

could be implementedt was mentioned during the interviews thttat there are countrieshat

mandate thecollecion of LFG However, this does not necessarily mehat generating electricity is

also mandatoryUsing the collected LFG fibaring could also be an option depending on the
implementation of the policy

Additionally, Mbazima et al. (2022) mention that there currently is a lack of policies on WtE in South
Africa, while these are requirdad solving the MSW management and energy crisis in the country.
Adeleke et al. (2021) also mention the waste management system in South Africa could be improved by
legislation, as well as enforcement of the legislation, on waste management. Although regilatio
improving the waste management sector are not directly related to LFG production, they are still
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important to consider because LFG production is linked to the amount and quality of waste entering a
fIYyRTFAfE® ¢KS alryYS 32Sa F2NI SYy@ANRYyYSyalrt LR2tAOAS
environmental law a LFGE project could be installed and ofelRet 0 LISNE 2 Yy | f 028)2 YY dzy A O i
Neverthelessit would be helpful to have pol&sthat provide guidance on how a landfill should be

designed and operated to reduds environmental impacts. Another participant mentionttht the

carbon tax that hasden implemented in South Africa as a policy increases the incentive for reducing

and offsetting emissions. However, since policies on waste management and environmental goals are

not directly linked to LFG and electricity production, they are not consttlasennovatiorspecific

institutions, but rather as either guidance of search (environmental policies) or general factors affecting

the complementary products and services building block.

Finally, policies that reduce the risks for investors, such asifettiffs or other pricing policies and
purchase obligations are important for the implementation of LFGE projects. One participant noted that
in highrisk countriese.g. due tocorruption, require a higher rate of return. This medhat the price

that is received on the supply side should be higher in these higher risk countries, which could result in
the need forhigherfeed-in tariffs.

6.2Drivers and arriersto LFGBprojects in Africa

Threeparticipants named factors related to combating climate chaageone of the main drivers for
LFGE projects. These factors includetigating the greenhouse effect and complying with the Paris
AgreementAdditionally, twoparticipans mentionedackling the environmental problems related to
landfills, such as emissions and pollutias,a driver, whereas orgarticipantmentionedsocial

problems related to health and safety to be a drivEne reduction of greenhouse gas emissiand the
reduction of environmental pollution were also acknowledged as a driver by Karekezi et al. (2009).
Another driver that was mentionebly fourparticipanswas the possibility to generate energy
However, a remark that wasade, was thathe abilityto actuallysell the electricity igrucialfor it to
become a driverTo this end, thregarticipans mentioned the importance chdequatefeed-in tariffs.
Carbon financing was also mentioned by multipeticipants assomething that could be a drivass it
makesthe projectmore lucrative Thisdriver that is corroborated in literaturéNjoku et al., 2018;
Adeleke et al., 2021However,one participantremarked thatwhen other (financial) incentivesre in
place, carbon financing will not act as a drivmcause the projeavould beeconomically feasible
without the carbon financinglwo drivers that were found in literature, but that were not mentioned by
any of theparticipants were thedepletion of fossil fuels and theincreasing pricesand the increasing
energy demand that needs to be accommodated (Karedteai., 2009; Adeleke et al., 2021).

The literature review and interviews resulted2i obstructing factorsAppendixC Drivers andarriers

to LFGE projecishat are aggregated into th2l barriersshownin Table13. These barriers arelivided

into four categories: economitechnical, organisational, and social. The barriers that did not fit into one

of those categorieswer®2 YO AY SR Ay | OF{iS3a2NE OFff SR W2iKSND®
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Table6. Overview ofhe barriersimpedingLFGE projects

Economic Technical Institutional Organisational Social
E1l. Viability of T1. Scale of the I1. Accesstothe O1. Public S1. Limited XL. Corruption
the project landfill electricity landownership awareness of
grid benefits
E2. Funding T2. Uncertainty of | 12. Lack of 02. Human capacity X2.  Public
guantity of regulations support
electricity on LFG
generation handling
T3. Waste I13. Lengthy 03. Monopolised X3. Availability of
management carbon energy sector endusers
processes
T4. Low efficiency | 4. Complexity of X4. Dependency
of the project PPAs on cheap
fossil fuels

T5. Distance to
the electricity
grid

T6. Availability
and
accessibility of
land

T7. Technical
solutions

Theinterviews made it eviderthat the economic barrierare very important irLFGE projects in Africa.

It was indicated thait can be challenging to create a viable business casdghe one hand the
investment and operational costs of LFGE projects are relatngy as was indicated by multiple
participanss, as well as in literature (Karekezi et al., 2009; Njoku et al., 2018; Mbazima et al., 2022). On
the other hand, the price dflectricity generated by the LFGE project is not alveayicientto cover

the costsKarekezi et al. (200@lsomentionthe absence of standard price for generated power as one
of the barriers toLFGE projects. This restitighe need for pricing policies to ensure a pribat makes
the project viable to develop and invest in. An example of a pricing pakiciyndicated by multiple
participans, are feedin tariffs. Feedn tariffs guarantee a price over a fixed period of tifoeelectricity
produced by renewable energy sourcegichattracts a greater number of investof€outure &

Gagnon, 2010)Howeverwhen feedin tariffs are too low, it is challenging tweate a viable business
case, which in turn creates a challenge in finding funding for the prdjsdndicatedby one participant,
carbon creditan givehe finalpush tomake the project viable. Howeveseveralparticipants

indicated that the price of carbon credits for LFGE projects has been fluctadngoeing very low

after 2012, right after the Kyoto Protocol endéithis uncertainty regarding the financial benefits of a
LFGE project could resultimvestorsworrying about the recovery oheir costs, which is a barri¢w

waste to energy projectslentified byAdeleke et al. (20D).

Arelatedbarrier is thechallengeof securing funding for projects. When project risks are high, both in
terms of financial returns and thaternal context within a countryattractinginvestors in LFGE projects
becomedifficult. Additionally,one participantindicated that attracting private investment is difficult
whenthe only income flow of a project are the carbon credits because the processes for obtaining
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carbon credits take a long tim@&hisis an institutional barrier thatvas corroborated by literatureNjoku
et al., 2018; Couth et al, 2011j electricity is not generatetnmediatelyafter the start of the project
and sold at a suitable price, the project will have no income during this time of going through the
necessary processes to obtain carbon credits. @imighasises the need for revenfrem electricity.
Additionally, oneparticipantmentioned there could exist regulatisthat discourage internéonal
investment. Some countries aim to sttpe capital flight which also results in less capital coming into
the country because of the risk of not being abled¢ouperate he investmen{personal
communication, 2024 Nevertheless, this risk could be mitigateddarbon financing as carbon credits
are traded internationallyWithin the existing body dfterature, funding is also identified as one of the
barriers to LFGE projectsdqrekezi et al., 2009; Njoku et al., 2018; Dlamini et al., 2019; AdleteX.,
2021).

The economic barriers are related to the technical barriers, as the landfill imasdtcertain
requirements to be able to generatesufficientamount of energyto become economically viable.
Threeparticipansidentified the scale of a landfill as a barrier. When a landfill is too small, it will simply
not produce enough electricity to be economically viaBleother important factomentionedis the
waste management system in a countAn unreliablelow of waste to the landfillor a flow that is too
small, as well aan incorrectcompositionof the waste could prevent thiandfill to produce enough
energy Karekezi, 2009; Njoku et al., 20¥&jeleke et al., 2021As stated irBection2.1, the waste
needsto containa highorganic content, as this will be digested and converted into methHiogvever
the data on waste production is often of poor qualipgsing difficulties fodesigring an effective waste
management systerfNjoku et al., 2018; Mbazima et al., 2028)s0, the management of the landfill can
cause problemgOnepatrticipantmentionedthe low efficiency of some LFGE plants duthmleakage

of methane through theandfill cap which wasaused bypoor managementAnotherhindering factor

is the intermittency of the electricity generated by thandfill, which was identified bgne participant
Since the digestion of the organic content of the waste is a biological prodeiss, iw dependent on
natural factors, such as temperatymain (moisture) and the composition of the waste, thgeneration

of methanefrom the landfill is not constant, bubllowsa curve thatdecreases over timKarekezi et

al., 2009 Njoku et al., 2018)This directly impacts the amount of electricity that can be generated.
Finally, the distance of the landfill from tledectricitygrid is a technical factor that is highly related to
the investments costs of a project. When tlaedfill is locatedat a great distanc&om the electricity

grid, a long and expensive cable needs to be implemented to transport the electricity generated on the
landfill to the grid This barrier could be overcome $&glling the electricity tmearbyindustry, or other
local energy offtakers. However, these are often not availaedevas indicated by thgarticipans.

One of the institutional barriers mentioned is also related to the electricity dhidee of the

participans mentioned that it can be challenging in some countries to get access to the electricity grid.
Adeleke et al. (202Xorroboratesthe challenge of accessing the electricity dadWtE projectsAs
reported, thisimplies thata local offtaker of the electricity needs to be available, or the electricity
should be usedor on-site processesHoweverthe latter means that no revenue can be generated.
Additionally, the literature identifiean unsupporwe institutional frameworkas a barrier to LFGE
projects(Karekezi et al., 2009; Njoku et al., 2018; Mbazima et al., 2022; Adeleke et al.,2de1).
policies incentivising the development of LFGE projects are lackingpa@im@pantmentioned that

some countries have implemented policies that require at least flayfrige captured_FG which could

be extended to mandating the generation of electricity from the LH@ would create incentive to
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develop a LFGE projedtibazimaet al. (2022) reportackof promotion ofthe adoption of LFGand the
lack ofinstitutional frameworks on WtBs a challenge to the implementation of LFGE projddtsy
offer recommendations on how to improvhe institutional frameworkHowever, they do not specify
the policies that make the institutional framewocknflictingwith the framework required for LFGE
projects.Additionally, Karekezi et al. (200&ate that without enforceable regulations on waste
managementwaste to energy technologies cannot compete witinventional technologies.

An organisational barrier that was mentioned by almospatticipansis public ownership of a landfill.
It wasmentionedthat a landfill is often owned by the local governmenhis means thato start a LFGE
project, a tender is created-dowever the participansreported thetender processes to be slow and
frequently lack transparency, paving the way for cronyism and corruptiba.complexity of tender
processes is corroborated bazima et al. (2022Additionally,one participantreported governments
to have hidden agendas ama betoo focused on profit resulting from the project, especidittym
carbon credits. Howeveit was reported that thesskewed expectations can often not be met, which
could result in a damaged relationship, or even the retraction of permits.

Another organisational barrier mentioned is the lack of skilled personnel to operate and implement the
project (Adeleke et al., 2021; Agbejule et al., 2021)is was corroborated by orparticipant indicating

that municipalities ofterlack the capacity to operate a LFGE project themseRiaally, Njoku et al.

(2018) mention monopolisation within the energy sector to act as a baagdhis makes investors lose
interest

The main social barrier identified by tparticipansis related to the awareness of thmnefits of the
project. Theparticipans did not only mention the lack @wareness of the local communityut also
the lack ofawareness of (local) governmeraadlandfill operators Njoku et al. (2018) also identified
the limited awarenessf the benefits of a LFGE project among decisitakers as one of the barriers.

The otherbarriers mentioned during the interviews are corruption and the lack of public suppos.
participant stated thatlarge (public) organisations could slownthe process, or even block the
project Twoparticipans mentioned that onceprganisations noticed that a LFGE project could create
profit, they would try to block the project to try to implement it themselves, which did not always turn
out to be successfullhe lack of government supportagsomentioned in the body of literature

(Adeleke et al., 2021; Njoku et al., 2018; Mute2615).Finally the lack of endisers and the

dependency orthe stillcheap fossil alternatives were identified as barriers (Njoku et al., 2018; Adeleke
et al., 2021).
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7.Modeling LFGE projects

This chaptedescribes the LFGE TI$niore detail.First, thethree submodels that have been created to
investigate the diffusion of the LFGE TIS in Afnie@xplained Thefirst two submodels are related to
the institutional alignment and the funding processes of LFGE projgw<hird submodel shows the
aggregated TIS model, which is modelled ngeaerically Then, the settings of the running model are
provided, and the model is evaluated to build confidetita it is fit for purpose

7.1 Conceptualisation

To tailor thegeneralmodel inFigure? to the case of LFGE projecispnumber ofbarriers found in
Section6.2are integrated.To do thistwo submodelsvere created the institutional alignment

submodel, and théundingsubmodel.Thesubmodelsvere connected to the aggregated TIS model,
making this aggregated model the third submodilcreating these three submodels, most barriers
fromtheeconomi@ AyaldAlddziaAzyl f | YR WdicKySThEanteRiewslidatetdlnh S &
these categories to bef highimportance. The technical barriers where not modelledths would

result in a misalignment in the level of aggregation. The technical barriers egfj@imodel to be on
project level, while the rest of the model is modelled on country lewallign with the scope of the
researchand the TIS &mework Traditional SD modelling does not allow for modelling different levels
of aggregationTherefore, the model assumes the technological barriers to be overcome when the
production system building blocké@mplete.Moreover, barrierd3, 14, 02,03 S1, and Xére not
includedin the modelas thesebarriers did not fit in one of three submodelBo keep the model
manageable and to meet the time constraints of the reseanclsubmodelsbeyond the three
mentioned bdore werecreated, andhereforethese barriers were excluded from the mod€he full
implementation of tle three submodelsas well as an overview of the main model assumpstean be
found inAppendix EModel variables and their implementation

7.1.1Submodel linstitutional alignment

Submodell focusses on the innovatiespecific institutions building blockhe conceptual link iRigure

5 highlights the importance of this building block, as it affects multiple TIS functions. Mongalices
could have a@reat impact on the diffusion of LF@&bjects as they can create incentive to develspch
a project.Addtionally, theprocess regarding the generationadrbon credits from LFGE projeids
modelled in this submodeBince one of the research objectives is to determine the effect of carbon
credits on the diffusion of LFGE projeétsmportant toinvestigate this in more detaikinally, as carbon
credits and feedn tariffs, one of the innovatiospecific policies, are closeaied tothe income
generated during the project, the income aspect is also included in this first submodel.

Figure8 shows thestock flow diagranof the submodel on institutional alignmentheeffects of the
policies are depictetly a dotted linebecause lhe implementation of a policy does not chante
system numerically, but requires changes in the model structline.feedin, however, is not modelled
as a structurathang asthe level of the feedn tariff actually doeshange the model numerically.

Asexplainedin Table4, the building block innovatiespecific institutionss defined as théormal rules
surrounding the new technologyccading to Ortt & KampZ022),stable and supporting innovatien
specific institutions can facilitat#e diffusion of innovations. Therefore, the building blask
operationalised as thanstitutional fit of the existing policies to LFGE projectss Tristitutional fit needs
to be buit up, meaning thattican eitherbe complete, partially complete, ancomplete.A complete
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institutional fit means that all relevant supporting innovatiepecific institutions are in place

Therefore, to have a complete institutional fit, there should be a policy manddtangollection of LFG,

a policy mandatinghe generation of electricitfrom LFGhould the feedin tariffs should be adequate,
and there should ba purchasing obligation tQuarantee thesaleof the electricity.If these four boxes

are ticked, the fit of the innovatiospecific institutions can be considered complekecomplete
institutional fit will remove barrier 12 lack of regulations on LFG handling, and it will partially remove
barrier E1 as feeth tariffs willimprove the viability of LFGE projedievertheless, as it is possible to
implementLFGE projects without these four policies, the institutional fit is modelled as an incentive
rather than abarrier to the implementation of LFGE projects.

The creation of an institutional fit can be achieyadth a delayby entrepreneurs and formal advocacy
groups putting pressure on the government to charthe institutional framework to a more fitting one.
The increased institutional fit in turn results in maxgoport from the general public,savell as more
formal supportfor LFGE projects, which resih a reinforcing loopThe reinforcingpower of theloop

will naturallystop once the institutional fit is completét is expected that the policie®nce
implemented,will not beremoved during thdormative phase.

Lobbying foradequate feedn tariffsby entrepreneurs, among others, also results in a reinforcing loop
asthe increase in financial incentive could result in more entrepreneurs being active in the LFGE TIS.
Although there arenany different ways to implement a feed tariff, this research only considettse

fixed price modelThe costs of the feeth tariff can either be covered by the government or by the
consumersDel Rio & Gual, 2007his research only investigates the scenario in which consumers pay
for the costs of the feedn tariff as it is expected thahere is agreaterchance African governments will
implement this scenarid-eedin tariffsare generally designed to make efficiently designed installations
costeffective (Couture & Gagnon, 2010}is research therefore assumes that tfeed-in tariffsare

higher than the wholesale market price of electrigitycaseof a low market pricebutdo not exceed

the levelised costs of energy (LCOmE LCOE is the minimum required price that is required for the
project to breakeven over the total project lifand therefore indicates the economic viability of a

project (Cudjoe & Han, 202Neverthelessthe feedin tariff can still baoo lowto make LFGE
economically attractive.

The market formation variable is defined as the rded-in price and minimum required price for LFGE
projects to be an attractive opportunitys it is assumed that the feed tariff will not exceed thé.COE

of LFGE projects, this ratio will be a value between 0 arfithisrange allows for the integration of this
variableinto the aggregated modeRAdditionally, wherthe wholesale markeprice is higher than the
minimum requiredpricefor a project to be viablgthere is no need fathe implementation ofa feedin
tariff, and the market formation function is assumed to bdtie minimum required price is determined
by theLCOE from LFQGkhichcan beadjustedto include potential carbon revenueper kWh The LCOE
is calculated by Equation ©Ogunjuyighe2017).
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In this equationa discountrate isincluded inboth the life cycle costs and the capital recovery value.
However,in the modelit is assumed that the interest rates dmv, sothe discount ratdas excluded
from the modelcalculation
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Finally entrepreneurs lobbying for purchase obligations resirtareinforcing loop that attracts new
customers, which reduces the risk for entrepreneurs, resulting in more entrepreneurs joining the TIS.
Thedemandalso depends on whether there is access to the national electricitylgaidier1) as this

would increase the pool of potential customélmrrier X3). When a project is not connected to the
nationalelectricity grid, the pool of potential customers only consists of customers that directly buy the
electricity. This type of customers is harder to find, as they need to be close enough to the project for a
direct cable to be installedhe demand islsoaffected by thepurchaseprice of the electricity from

LFGE compared to the price of electricity from other sources. Whewhioéesalemarket price of
electricityis lower than the price of electricity from LFGE, the demaitidshift to the cheaper source,
negatively impadhg the demand for electricity from LFGE

The demand for LFGE projects and the purchase price of electricity from LFG are both modelled as
auxiliary valuesather than as stock8ecause both demand and purchase price are only used in
submodel 1, and not in the aggregated modekytttan be modelled usingal world valuesAs they do

not have tobe integrated directly into the aggregated model, they do not have to have a value between
0 and 1 Additionally, only the yearly demand, rather than the total demand, is of interest in this model.
Furthermore in the LFGE case, legitimacy does not affect demattteasnduser is not expectetb be
concerned about the source of their electricityoreover, itis expected that thelistribution companies

will buy electricity from any sour¢dasingheir decision solely on the price

Theentrepreneurial activity is determined by the numberldiGEprojectswithin a countryas aratio of

the number of potential projectsand ismeasured by theaturation of LFGE projec¢tshich ranges
between 0 and 1This range allows for integrating the variable into the aggregated TIS nidttelugh
2yS AYUSNBASESS AYRAOIGSR HKAGLMBDSQB: f 6 WBRNA2Y | D2
2024), thenumber of potential projects was considered to be less than the total number of landfills in a
countrybecausehis research only considers the landfdlsa reasonable sizbat have a high potential

of being or becoming viable in the near futufiéhis approach excludes the smaller landfills from the
analysis. Additionallyit is assumed that no new landfillgll be openedecausealternative WtE
technologies are preferredthen openingvaste facilitiedOlodu & Erameh, 2023Any additional waste
being collected due to a higher efficiency of the was@nagement system will thus be stored in the
existing landfills. Thimitial numberof potential projects was determined through experimentation with
the model due to a lack of data on the number of landfills in South Afigshe number of landfills

affects the LCQEhe number of potential projects could be determined by choosing the number of
landfills resulting in the right LCOE of LFRGHljoeand Han (2021) have determined the levelised cost of
energy for LFG in South Africa to be 0.076 $/kivR012 Themodelproduces thé LCOE witi0

potential projects Comparing the resulting average electricity potendéiaicalculated by the model

which is around 33000 MWh/yeatr, the electricity generdon of South Africalandfills asestimatedin
literature confirms the choice of 70 potential projects. Njoku et al. (2@matedan averageannual
electricity potential of 25000 MWh for th€hohoyandou landfitbverthe next 14 years. Additionally,
Njoku & Ed&payi(2022) estimatedn average electricity potential of 47000 MWh per yddrerefore,

the average annual electricity potential of 33000 MWh estimated by the model is coeditea
representative value for the larger landfills in South Afdond the number of potential projects was set

to 70.

The potential LFGE projects can be conveigad pending LFGE projedtsough project planningThe
number ofplannedLFGE projects in a year is affected by the level of formal legitimacy, informal
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legitimacy market formationandthe length of the tender process. Slow tender pro@sseesulting

from public ownership of the landfi{Barrier O1)will make it less attractive to develop a LFGE project.
The planned projects are then implemented with a deldye number of implemented projects per year
depends on theompleteness of the production systdmiilding blockOnly if enough investment has
been attracted to cover the implementation costs of all pending projects, and therefore the production
system building block is complete, all pending projedgtsbe implementedo becomeoperational
projects.Finally, tle projectlifetime is seé to 20 yars.The average lifetime of landfillis 20-25 years
(Scarlat et al., 2095It is assumed that LFGE technology will be installed at a landfill within five years
after opening, resulting in a project lifetime of 20 yeaksend of lifethe project will be

decommissioned.

Therevenuegeneration from LFGE projectdbigsedon thesale of electricity, as well as on the sale of
carbon credits. The latter is determined by tissions reduced by LFGE proje@usly the emission
reductions from electricity generation are consideréd. described in Sectidh2, these emissions
reductions result from the avoidance of methane emissions as well as from the replacement of the
electricity going through the national grid, which is largely based on coal, by electricity fromTheGE.
emission reductions resulting from flaring arat of the scope of the model and therefore excludékb
determine the emission reductions from electricity generation, the amount of methane required to
produce this electricity is calculated. An efficiency of 100% is assumed, as any additional methane
needed due to lower efficiency would be consideredséssand therefore cannot be counted as
emission reductiondt is assumed that all carbon credits generated will be .S¢&Vertheless, it takes
time for certification bodies t@pproveand certifythe emission reductions resulting from a project.
Therefore, there is a delay between the emission reduction itself and the generation of a certified
emission reduction, or carbon credithe low and fluctuating carbon pricaffectfinancial benefits
resulting from a project and thereforthe economic viability of LFGE projects (barrier E1).

It is assumed that the implementation of a requirement to collect the Ic&@ landfills will result in a
decreasdn the production of electricityMoreover, itis expected that the requirement will result in
more LFG being flared, as this@sidered to be theheaper alternativédecause less equipment is
required Additionally, both flaring and electricity generaticanresult incarbon creditswith the
condition thatno policy specifically requiring flaring or electricity generation is implememtedhe LFG
collection requirement obliges the collection of L&&very landfilland the scope of the model is on
country level, it is expected that a large part of the new landfill gas projects will choose the cheaper
collection method resulting in less LFGibg used to generatelectricitywith the implementation of

this policy If these projects do not generate electricity, they are not considered LFGE projects yet.
Implementing a policy that mandates the generation of electricity from LFGE resthitsfunl electricity
potential being achievedyrovided that the production system and the product performance and quality
building blocks are completéleverthelessimplementing a policy thabbligeselectricity generation

from LFQorevents the generation of carbon credits as it is in conflict with the additionagyirement

of carbon projectsThe requirement of electricitgenerationmeans thatLFGE projects would albe
implementedwithout transformingthem into a carbon projectAs carbon finance is one revenue flow
for LFGE projects, ithsappearance could potentially create problefosthe viability of a LFGE project.
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7.1.2SubmodePR: Funding

According to Mbazima et al. (2022), funding is the main barrier to the diffusion of LFGE projects in South
Africa.From the interviews it can also be concluded that funding is an important factor in the diffusion

of LFGE projectbarrier E2)Therefore, the funding processes are made explicit in the second
submodel.This submodel focusses on investment in LFGE profgatisinternational investment and
domestic investment are included into the model. The investment flows modelled only consider
investment into the production system. Therefore, the governmental resources flowing to knowledge
development or policy implaentation are not considered within this submodel.

Figure9 shows the stylised SFD of thendingsubmodel.The funds becoming available every year are
dependent on the yearly domestic and international investment in renewable energy as well as on the
generated revenue from LFGE projects. The revenue can be used to cover the operational costs,
whereas the inveshent covers the capital costs of LFGE projects.

The investment depends on the expected vadfi¢he investment. Following QwS 3ty | yR a2f Sa
the expected value is determined by Equatibn
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The risk factors modelled as a probability factor, where 1 represdatgrisk and O representsighrisk.

As explained in Sectidn3, the risk factor is composed of the policy risk, market risk, and technological
risk.Policy risk is defined by 1 minus the institutional fit of LFGE projects, whereas technologisal risk
defined by 1 minus the product performance and quality building block. The external market risk is
covered bythe market formation functionAn additional riskactor regarding international investment

is the level of corruption within a country (barrier X1). HabiBu&awicki(2001) argue that corruption

has a substantial larger impact on foreign investment than on domestic investment. Because of the
smdler impact of corruption on domestic investment and to reduce the complexity of the model, the
effect of corruption on domestic investment is neglected in the model.

The expected value is affected bgth the expected investment costthe expected operational costs
and the expected revenue h QwS 3+ y 3 Thedxdeéed revenus is dedendent on both the
sale of electricity and theale of carbon credits. It is assumed that the full electricity potential of a
project willbe considered when determining the expected revenue from electricity generdfitre
expected value of the projeds positive, the investment is considered viable and the investment is
attracted. This goes for both domestic and international investm@dtiteamount of resurcesinvested
through domesticinvestment depends on the level of resource mobilisation within the country. When
resource mobilisation is 1, the required resources are available. Neverthtlese resources have to
be divided over knowledge development and diffusiand investmentThe amount of resources
investedthroughinternational investment depends on the proportiontbk costs the international
investors arewilling to cover, whichis assmed to be 30%.

The available fund®r LFGE projects are reduced by the funds spernhese projectsEvery year, the
funds spent on LFGE projects equal the operational costs of the already implemented mpfitis
investment costs of thpendingprojects
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7.1.3Submodel 3: Aggregated TIS model

Themodel elements of the conceptualisation of the hybrid approachigure? that are not specified in
either submodel 1 or submod@lare included in submodel 3, the aggregated TIS mddhed.
conceptualisation of the aggregated TIS mazidibrated to the LFGE TIS is showRigurel0. The

building blocks and functions that are not modelled in more detailed are assumed to followwameS

This is in line with the approadf Walrave and Raven (2016) assumes that it is difficult to initialise
growth, however once it has taken off, it progresses exponentially. The growth slows down again close
to its peak. Nevertheless, the phase of exponential growth could be dampened with the existence of the
barriers.

The complementary products and services building block is built up of the development of the national
electricity grid and the efficiency of the waste management systaeaning that these barriers can

either dampen or accelerate thdevelopment of the building blocKhe production system is
operationalised in terms of resource availability. When there are endinghcialresources available to
cover the costs of the LFGE projects in a country, both pending and operational, it is assumed that the
production system will be implemented in the most efficient way, and therefore the production system
building block will be completédowever, when the resource availability is not sufficient, the
development of the building block will be impedddnally, it should be notedhait knowledge
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development affects knowledge diffusigositively, rather than negativelyecausehe outflow of
knowledge diffusion is not modelled.
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7.2Modelsettings
The conceptual models are implemented in Vensim to create a running midueemodel consists of

three views institutional fit (submodel 1)iunding(submodel 2) and the aggregated TIS model
(submodel 3)The three submodelare described in Sectiohl. Additionally the generalaggregated TIS

model is explained in Secti@n3.

7.2.1Model setup
To testand utilisethe model, itis calibrated to South AfricBecause the development of the LFGE TIS

has already started in South Africa, but is not utilising its full poteysiglit provides a good case to test
the conditions required fofuture diffusion as well as the conditions that will prevéuaither
development of the TIS hedata specifica Sauth Africais presented inTable7.

The model is run forByearsbecause the modadims to modethe formative phaseof the TISGiven
that the model also aims to modekenariosn which the development igemporarily)impeded it is
expected that the initiaformative can become lengthyrhe model starts in 2005 to simulate the
development of the LFGE from the beginning as there are no LFGE reported2@d6radditionally,
2005 is the year in which the Kyoto prototelcame bindingBecause of th@on-continuous nature of
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the model due to switches and lookups, the Euler integration technique is used with a time step of
0.005 which is half of the smallest time variable in the model

Table7. Casespecificdata of South Africa

Variable Value Unit Source

Progcts implemented 9 Projects Hayaet al.

in 2024 (2024)

Enegypotential LFG | 230900 MWh/year | Scarlat et al.
(2015)

LFG collection No

requirement

Obligation to buy No

electricity from LFGE
Obligation togenerae = No
electricity from EG

Feedin tariff No

Grid access Yes

Wholesale price of 0.055¢ 0.08 $/kWh Blimpo et al
electricity (2018)

LCOE of IG- 0.076 $/kWh Cudjoe & Han

(2021)
Electrcity demand 1.48*10*8¢1.75* 10"8 MWh/year | Inglesi (2010)

A detailed overview of all equations and parameter valaied a visualisation of the implemented
submodelscan be found irAppendix EModel variables and their implementation

7.2.2Key Performance Indicator

Thestatus of the LFGE TIS carasessed by tracking the building bladksrtechnolagical innovations
to diffuseall building blocks need to be complete (Ortt & Kamp, 2082jveverthe completenessf

the entrepreneurial function is particularly of interest, as it showsribeber of LFGE projects that are
implemented compared to the potential projects in a courttiypough thevariablesaturation of LFGE
projects

7.3Modelevaluation

Totest whether the model is fit for purpose and therefarebuild confidence in the model, the model
is verified testedand validatedThe purpose of the model is to gajnantitative insights into the effects
of the different barriers on the diffusion of the LFGISover time Thisprovidesthe opportunity to
investigate which combination of barriers results in impedimamd which combination of barriers
could still result in diffusion. Thaédsoprovides the opportunity to compare the importance of each
barrier to the other barriersThe validation is done kperformingfour tests

7.3.1Model verification

To ensure the model was coded correctly, it was constructed in a modular way. First, the different
sections of the model were built and tested separately to ensure that the model section behaved as
expected.Only when the behaviour of the different model sections was correct, the model sections
were connected. Additionallyhe dimensions of the variables and equations were checkpdatedly
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to ensureno dimensional errors were btiihto the model. The dimensional analysis went beyond the
automaticdimensional check providdaly the Vensim software, asis possibléo bypasghis check,
while still having dimensional errors within the modalping et al., 2023 herefore,manual checks
were performed during the model formation procesmally, tests were performetb ensure the
appropriateintegration technique and time step were choséime model showed no differences in
behaviour for a smaller time step than the chosen 0,§#bvidingconfidence that the right tradeff
between accuracy and computational power has been made.

7.3.2Model validation

Tobuild confidence in the model, both the structure of the model and the model behaviour aralteste

The tests are performed in order; once a test is passed, the next test is performed. When a test fails, the
model is adaptednd the test will be conducted again.

7.3.2.1 Description of tests

Forrester and Senge (1980) identify two categories of test for building confidence in the model: test of
model structure and tests of model behaviour. To build confidence in the model structure, a structure
verification test was performed. This test comparthe model structure directly to the structure of the
real world system (Forrester & Senge, 1980). This was done by comparing the model structure of the
aggregated model to literature. Additionally, the main model assumptions were validated through the
consultation of an expert on LFGE from Anthesilimate Neutral Group. Besides the structure
verification test, an extreme conditions test was performed to ensure the model is robust and shows
plausible behaviour under these conditions. While Forrest&efige (1980) identify the extreme
conditions test as a test of model structure, in this research it is implemented as a test of model
behaviour because the extreme conditionsre implementedinto the modelto assess their effect on

the model behaviour.

To build additional confidence in the model behaviour, a behaviour reprodutgiinvas performed.

More specifically, the symptogeneration test was used to examine whether the model produces the
problematic behaviour that resulted in building the model in the first place (Forrester & Senge, 1980).
Bala et al (2017)statethat the emphasis of the behaviour reproduction test should be on behavioural
patterns rather than point by point comparisarnio this end, the model was calibrated to the case of
South Africa. By choosing a specific country, the model behaviour can be compared to the actual
situation regarding LFGE projects in South Africa.

After the model passed the behaviour reproduction test, a behaviour sensitivityesperformed. A
behaviour sensitivity test shows the sensitivity of the model to small changes in parameter values
(Forrester & Senge, 1980). The behaviour sensitivity test ensures that plausible small changes will not
result in the model failing the other Ibaviour tests. Normally, the model is insensitive to these

plausible changes (Bala, 2017). However, the model being sensitive to a specific parameter does not
necessarily undermine the validity of the model, as long as this does not result in the mbaglddier
behavioural tests (Bala, 2017). To perform the behaviour sensitivity test, a selection of parameters to
which the model was expected to show sensitivity was created. This selection included the modelled
barriers and the input parameters that weebased on an assumption. Each parameter was varied by
10% to see the effects of small changes on the model behaviour. All parameters were adjusted by the
same percentage to allow comparison of the resufis: the variables to which thaodelis highly

sensitive, it is particularly important that the estimation of their value is correct as a small change will
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have a great impact on the system. Therefanetra attention was given to the collection of data for
these variables, especially if the variable was not included in the experiments.

7.3.2.2 Resultstsucture verification test

Following Walrave & Raven (2016), m®k$ functions and building blocks in the aggregatdanodel

are assumed to follow anshaped growth pattern. Initially, growth is difficult to formalize, but once it
starts, it progresses exponentially. However, reaching the full growth potential becomes increasingly
challenging as growth nears its pedkis assumptiommplies that the growth of the TIS functions and
building blocks in the aggregated submodel aliNays pealat a maximum, which corresponds with the
realworld processesor the functions and building blocksor examplethe development of
technological performances generally shosi@w initial improvemenbecause thédundamental aspects
of the technology are not well understoodtyghilling & Esmudo, 20097 his stage is followed by
accelerated improvemerance the fundamental understanding is established and grdNesertheless,
the marginal improvements start to beconsenall once the performance is near its peathiing &
Esmudo, 2009Additionally, modellinghe TIS functions and building blocks as followingshdpe
preventsunlimited exponential behaviour, which is not realiskinally, the assumption oftshaped
growth for theTIS functions and building blak the aggregated model allows fhightlevelmodelling
of these functions Thisallows for their inclusionin the modelto investigate their effect on the system,
without distractingfocus from he purposeof the model, which is modelling the impact of the different
barriers on the system.

A second assumption lies in the modelling of siheckflow structure of the LFGE project life cycle

without an inflow into the potential projectsThis assumptions might deviate from the readrid.

Although landfilling is the least preferred waste management solution and opening new landfills could
be challenging due to a lack of space, it is the cheapest waste management solution (Olodu & Erameh.
2023; Mbazima et al., 202ZEspecially in countries with a poorly developed waste management system,
opening new landfills might be the best solution to improve their waste management system and to
deal with the increasing amount of wastdodelling the potential LFGE projects without an inflow

results in the potential of LFGE being finite, as the development of the TIS will stop once all landfills are
converted into a LFGE project. Additionallysttésults in larger rather than more landfills when the

waste management systemiiscreasedn the model Therefore, a better waste management results in

a higherelectricity potentialper landfill. Nevertheless, as thefficiency of the waste management

system is kept constant during each simulation ttine, size and therefore electricity potential of the

landfill are alsokept constantduring a simulation runAs thebase case assumes a realistic landfill size,
this effect of the base casefficiencyof the wastemanagement systeris moctlled correctly

Additionally, the model is still suitable for assessing the potential of Edt@ke current number of

potential projects in a countrnjHowever, if thee are simulation runs in whickaste management

system is improvedompared to the base casthe results should be viewed as an exploration of the
impact ofchanges inandfill size.

Neverthelessboth thegenerated waste, and therefore the electricity potential, @hd electricity

demand will most likely increase due to population growth. In its current state, the model does not
account for these increases. However, both an increase in demand and an increase in electricity
potential will increase the attractivenes$ the LFGE projects. Therefore, the increase in electricity
potential and demand wilinost likelynot result in impediment of the LFGE TIS. Since the purpose of the
modelis to determine the effect of thearriersthat do impede the development of the LFGEWit§
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the current number of landfillsmodelling them in a static way is considered sufficient for the model to
fulfil its purpose. Additionally, both variables are modelled exogenously, which means that in case their
current values are too low and therefore do prevent the TIS from develptiieg can easily be

transformed into a table function and experimented with to see whether the increase in electricity
demand and potential would be enough to sty impedimentof the TIS development. However,

since this des require the collection of additional data, which can be a time consuming process, the
development of these variables is left out of the current model.

Another assumptiotties in the endogenous modelling of the innovatigpecific policies. The model
assumes that once a certain levell@bbying is achieved, these policies will be implemented,
accelerating the development of the TEoweverlobbying is moreommon in countriegnjoying
political stability compared to countries with high levels of corruption and unstable reg@zesos &
Giovanonni, 200). Additionally, Campos & Giovanonni (Z)@tatethat lobbying is thedominant

method of influencinghe government at higher levels of development, while corruption is dominant at
lower levels of developmentlthough the model does not consider the relation between political
stability andlobbying, it provides the possibility of accounting for the possible ineffectiveness of
lobbying bysettingthe requiredlobbying pressuréo implement the policieso a high value.
Additionally, the effect of the institutional fit is modelled in a way tdaesnot prevent the
development of LFGE projects when the institutional fit is zero.iFhiisilar to the realworld effect of
the innovationspecific policies considedleas these are alhcentivising policies, rather than obstructing
policies Thismeans the implementation of LFGE projects can still happen without these policies.

Finally, theprofitability of the investment in LFGE proje@getermined by calculating the

undiscounted expected value of tlrevestment, which depends on the expected revenue, the expected
cost, and a risk factoBy modelling profitability without discounting, the model fails to account for
inflation and interest ratesTherefore the revenue requiredo present the investment as profitable i
lower in the model compared to the reatorld. Therefore, the model is only valid when the revenue in
presentvalues is much higher than tlwests or the interest rate is zeraaseither onewould most likely
also present the investment as profitable when ttiscounting would be considerelevertheless, as

the exclusion of interest rates and inflatistill allows foran assessment dhe effect of the different
barriers on the diffusion of LF@GEd compare the effects of each barrier to the other barrier, this
assumption is considered acceptable.

Additionally, the expected value is assumed to be the same for all prgjectsthe model is not able to
differentiate between different projectdn reality LFGE projects can differ in siménich will affect the
electricity potential of a landfillThe model assumes albtential LFGE projects together to achieve the
electricity potential of LFGE projectspovided the other TIS functions and building blocks are complete.
Therefore, in the modethe larger pojects will compensate fahe smaller ones, ultimately achieving

the total electricity potentialThis assumption makes thmodel valid only at the country level, rather
than at the project levelSince the barriers are also considered on country levi,ishin line with the
model purpose.

7.3.2.3 Results @treme conditions test
The design of the extreme conditions test is showmable8. Theextreme conditions will be tested one
by one to ensure the effect is indeed related to the specific conditions.
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Table8. Extreme conditions and their expected impact

Condition Expected behaviour
No investmenin LFGE | This should result in nionplementation of LFGE projects.
projects

No policy implementation| When nae of the innovationspecific policies are implemented, the TIS should still
develop, albeit at a slower rate, since the policies are only meant to incentivise the
development of LFGE projects, rather thempede this.

Full policy When the three policies and an adequate feiedariff are implemented in the initial

implementation year, the diffusion should take off fast as there is a more legitindoye importantly,
the economic conditions arsufficient for LFGE projects to be attractive for
entrepreneurs and investors.

Very high costs of LFGE | This should result imery little investment into LFGE projects.

projects.

Low costs of LFGE It is expected that low implementation and operational costs of LFGE pregudit in
projects. faster diffusion of LFGE projects, as a lower price is required to make the investme
attractive.

No electricity demand No electricity demand should result in no implementation of LFGE projectessits
no use for the electricity.

No waste management | When there is no waste management system within a country, it is not possible to
create LFGE projects, because this requires some form of waste management tha
ensures a share of the waste ends up at a sanitary landfill.

Perfect waste When the waste management system in a country works perfectly and therefore al

management waste is collected and send to landfills, the LFGE projects should diffuse rapdighas
landfill containamore waste to generate electricity with.

Appendix FExtreme conditions testshows the results of the extreme conditions test. The results
illustrate that the model behaves as expected under these extreme conditidos/everthe effect of

no innovationspecific policies being implementésionlyrelevantfor countries where thevholesale
market price is higher than the minimum required pr{egljusted by the carbon revenue per kWihhis
means thata feed-in tariff is notrequired, and the market formation is considered to hevhich will
kickstart the diffusion procesd:or countries where thevholesaleprice is lower than the minimum
required price, the market formation function will initially be zetbthe other policies are also zero and
there is no way to endogenously charte institutional fit through lobbyingt an early stagethere

will be no incentive toamplementLFGE project3.herefore, this scenario wiksult inno development

of the TIS functions and building blocksading tono LFGE projects being implemented

7.3.2.4 Results behaviour reproduction test

The problematic behaviour of LFGE in South Africa to be reproduced by the model is the lack of
development of LFGE projectgurell shows the development of the number of operational projects
based on realorld data from the Berkley database (Haya et al., 2024), and the number of operational
projects estimated by the model. The model results show similar behaviour as theoddldata. The
model istherefore able toreproduce the probleratic behaviour
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Figurell. Behavioural reproduction test on operational LFGE projects
Note. Realworld data is collected from Haya et al. (2024).

7.3.2.5 Results lehaviour ensitivitytest

Table9 shows the parameters tested, as well as the values used in the behaviour sensitiviBirsst.
behavioural sensitivity was tested univariately, by changing the parameters one byligaevas
followed by multivariate sensitivity testin whichclosely relategparameters were changed at ont®
investigate their combined effecThe sensitivity graphs of the testistrating thesensitivity of the
model are presented iAppendix G. Behavioural sensitivity teBhe results show thahe model is
insensitive to small changes of most of the tested parameters. Nevertheless, the model ditbshew
numerical sensitive to small changesireragelength of tender procesayverage time to implement
paperworkbefore starting a project, additionality threshokfficiency of the waste management
system andconstruction time

The model shows the greatest sensitivityuimivariatechanges irefficiency of the waste management
system.Small changes in the waste management systamresult in both faster diffusion or

stagnation.This indicates that the purchase prices is close to the minimum required @i@nges in

the waste management system change the average electricity potential of a landfitherefore the

LCOE of LFGE. The high sensitivity to the waste management system indicates that small changes in the
waste managemnt systenresult in changes in the LCOE of LFGE that are enough to pusiniham
required price above or below the purchase price for large parts of the run, causing stagnation or
diffusion respectivelyThe model also shoveensitivity to changes in theverage length of tender
processaandaverage time to implement paperwork before starting a proj€ttanges in the length of

tender processes can either slow down or speed up the planning of LFGE projects. Additionally, long
tender processesesult in Bwer entrepreneurs being interested in joining the LFGE TIS due to the
resourcerequirementof tender processeslhis effect immplifiedby shorter times to prepare the

necessary paperwork in case there is no tender process as this creates a larger gap between the length
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of tenders and the alternative, which is no tender due to private landfill owner3tietefore, the
sensitivity of the model behaviour to changes in the length of the tender praresshe time to
prepare the paperwork in case there is no tenéein line with the expectationghe model isalso
numerically sensitive to changes in the additionality threshold, which is as expectedadditienality
threshold allows for the generation of carbon credits for a longer period of,tineeeasing the
economic benefits of LFGHENally, he sensitivity toconstruction timeand proportion domestic
resources to investmemindshare of investment covered by international organisaticery small
Note that themodel is not sensitive to most of the variables testedwhich an assumption was made
regarding its valugindicating that thee assumptionsalnot change the model behaviour.

Table9. Behavioural sensitivitiest input values

Parameter Lower Basecase Upper
value value value
Average length tender process 10.8 12 13.2
Average time to prepare paperwork before starting a project 5.4 6 6.6
Construction time 0.9 1 1.1
Electricity demand outside national grid 2365200 2628000 @ 2890800
Pressure neegld to implement buying obligation 0.72 0.8 0.88
Pressure needed to change feauitariff* 0.72 0.8 0.88
Pressure needed to implement LFG collection requirefhent = 0.54 0.6 0.66
Pressure needed to implement electricity mandate 0.81 0.9 0.91
Share LFG collected to electricity with Policy 1 0.225 0.25 0.275
Share LFG collected to electricity without any policy 045 05 0.55
Average time for carbon credits to alidated 0.9 1 1.1
Time to implement policy 1.8 2 2.2
Proportion domestic resources to investmént 0.45 0.5 0.55
Share of investment covered by international organisations | 0.27 0.3 0.33
Time to build elements production system 0.9 1 1.1
Time tobuild networks 0.9 1 1.1
Time to increase performance 0.9 1 1.1
Additionality threshold 0.27 0.3 0.33
Efficiency waste management system 0.50058 0.5562 0.61182

1. Included in multivariate sensitivity test 1
2. Included in multivariatsensitivity test 2

7.3.3Conclusions model evaluation

The tests performed during the model evaluation phase provide confidence that the model is fit for
purpose. Although assumptisiave been made while constructing the model, these assumptions are
considered either in line with reaorld processes or serve the model purpose. Additionally, the model
shows plausible behaviour under extreme conditions, providing confidence in thstredss of the

model to these extreme eventSurthermore the model results are in line with readorld dataon LFGE
projects indicating that the model is able to simulate thagnation of LFGE in South Afrigaally, the
behavioural sensitivity tests show the model generates plausible behaviour to small changes in the
parameters of which the values are based on assumptioresédihcreases the confidence in the model
asmost of thesmall changes do not result in the model failing to generate the expected behaviour.

52



However the high sensitivity of the model to small changes in the efficiency of the waste management
system showthat this is ahighly important variable in the diffusion of LFGE in South Africa and care

should be giveto the selection of the right data for this parameter. Additionaityshould be noted that

the model is only valid on the counttgvel. The model is based on averages and simplifications

surrounding the electricity generation and economic viability of LFGE projects, making it unfit to

investigate individual LFGE projects. This model scope is considered acceptable as an analysis on country
level is in line with thecope of tle research.

7.4Experimental setup

To evaluate the effect of the different barriers on the diffusion of LFGE projects, a range of experiments
wasconstructed. First, the base casasanalysed to understand the diffusion under the current
circumstances. However, as the model simulates future behaviour, which creates uncertainty in the
model, experiments were conducted to investigate the model behaviour under different conditions,
while simultaneously providing insight into the effect of the modelled barriers on the model behaviour.
A total d 41 experiments were conductedoFeach barrier, the effects of both its worsdse and best
case scenariogere investigated. Additionally, the combined effects of all barriers, considering both
worst case and bestase values, are testefloreover, the effects of the best case scenario of each
individual barrier, as well as all best case scenarios combives@,tested in combination with the

worst case scenario of the wholesale prioesee whether the barriers can act as drivers even when
LFGE projects are not economically attractive. Finally, the effects of the policiedn feeiffs, waste
management, and carbon creditgere investigated separately.able10shows the base case, best case,
and worst case values used in the experimeWbere possible, reakorld values of African countries
were used. Worst case values were chosen based on the worst perfocaimgry, while best case
values were chosen based on the best perforndgagntryon the specific indicatoAs the base case
values for the pressure required to implement the policgiesy result in the implementation of policy 1
and the innovation specific institutions building block is not yet complite base case values aiso
considered to behe worst casevalues Furthermore the initial values of the policies aagljusted

during several experiments iacludecasesvherethe policies lave already been implemented in the
past However, as it is expected thatost African will not have implemented one of the policies yie¢
pressure required for the implementation of new policies is also adjusted in a way that results in
implementation of the policies 2025.
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Tablel0. Base case, best case and worst case values of the barriers

Barrier Unit Worst case  Base case Best case
Wastemanagement Dmnl 0.1 0.5562 0.99%
Grid access Dmnl 0 0 1
Length of tender process Months 0 12 36
Initial policy 1 Dmnl 0 0 1
Initial policy 2 Dmnl 0 0 1
Initial policy 3 Dmnl 0 0 1
Initial feed-in tariff $/MWh 0 0 82
Pressure required to Dmnl 0.6 0.6 0.5
implement policy 1

Pressure required to Dmnl 0.8 0.8 0.5
implement policy 2

Pressure required to Dmnl 0.9 0.9 0.5
implement policy 3

Pressure required to Dmnl 0.8 0.8 0.5

implement feedin tariff
1.Values corresponds to Eritrealue
2.Value corresponds to Mauritius value

Figurel2 until Figurel5 showthe scenario input for thdarriers that are modelled as table functions.
The historical wholesale prices and carbon credit prices are kept constant to show the effects of
different representations of the future values. Data for the wholesale prices is available from 2014 until
2017. Therefore the experimental values start a2@f8. The prices before 2014 are assumed to be
equal to the 2014 priceAdditionally, in the best case scenario, the wholesale price is assumed to start
increasingonly as of 2023reaching a maximuraf 0.09 $/kWhin 2035.In the base case, on the other
hand, the wholesale price is assumed to as®f the moment of the latest datawhich is 2018} the
maximum value presented in the reabrld data, which is 0.08 $/kWBlimpo et al.2018. It is

assumed that this growth will happen in two steeeping the price below the LCOE of LE&t the
present By2035, he best case price of carbon credissassumed toeach a slightly higher level than

the price level at th start ofthe Kyoto protocalThe full experimental design and the graphs showing
the different values for the table functions asbown inAppendix H. Experimental design
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Best case is based on Mauritius. Worst case is based on South Sudan.
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8.Results

This chapter presents the results from thdel experiments. First, the base case results are presented,
followed by theimpactof the individual barrierand policiesThe chapter concludes with a ranking of
the barriers and policies

8.1Base case results

The base case represents the current status of the LFGE TIS in Southrijiuied 6, Figurel?, and
Figurel8show the base case results for thaturation of LFGE projects, the numbepehding

projects, and the number of operational projects, respectivElgurel9 shows the development of the
wholesale price of electricity, as well as the LCOE of LFGE and the minimum required price when carbon
is taken into accountAs shown irFigurel6, the saturation of LFGE projeetinostreaches).75,

indicating that around 75% percent of the landfills has been converted into LFGE préjédesthis
suggestghat LFGE will not have been fully diffused in South Afritiain the coming 10 yearshe
increasing operational projects indicatesattfull diffusion under the currentonditions could be possible
with more time.The nonlinearity of the saturations related tothe development of the pending LFGE
projects Pending projects are defined as those that have attracted entrepreneurial interest and are
ready for implementation once funding becomes availalblee pending project developmeshows ups
and downsndicating thatthe implementation of projects has not been continuous. The development of
operational projects show similar behavicasthe saturation of projectsThe first projects were
implemented around 2008 few years after the first projectgere planned.At the end of the

simulation, the number of pending projects is decreasing, while the number of operational projects is
still increasing, indicating that more projects are being implemented than decommissiigedel19

shows that the wholesale price of electricity is not always sufficient to cover the LCOE of LFGE or even
the minimum required costs when carbon credits are considefée. peaks in the number of

operational projectsre in line with thencidentsin which theminimum required pricarops below the
wholesale price of electricity.
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Figurel6. Base case saturation LFGE projects Figurel7. Base case pending LFGE projects
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Operational LFGE projects Effect carbon credits on economic viability

—— baserun A

304
254

20

e
=]
=)

=] =)
o =)
& =

project
dollar/kWh
o
[=]
w

o
[=]
B

10 4

g
o
w

—— LCOE of LFGE
Minimum required price with carbon
0 —— Wholesale price of electricity

e
(=]
[~}

T T T T T T T T T T T T T T
2005 2010 2015 2020 2025 2030 2035 2005 2010 2015 2020 2025 2030 2035
year year

Figurel8. Base case operational LFGE projects Figurel9. Effect carbon credits on economic viability in the be
case

8.2Impactof barriers on LFGE diffusion

From the experiments of it can be concluded that the wholesale price of electimityhe efficiency of

the waste management systeare the most important barries for diffusion of LFGBRecausethey can

cause both diffusion and stagnation. As showfigure20, an increase invholesale pricéo above base
case levalresults in accelerang of the development of LF®Ecausehe price is high enough to make
LFGE economically attractiv@n the other handthe worst casescenario of thevholesale price, when

the wholesale price remains low after 201&sults in the development of LFGE only starting to progress
once the minimum required price is decreased by high prices of carbon credits. Nevertheless, once the
market share of LFGE projects exceeds the additionality threshold and the possibility tatgerabon
credits is removed, the development of LFGE stops because it is not viable anymore to develop a LFGE
project.In case of a low wholesale price, the effect of the low pcaeonly be counteracted by a higher
efficiency of the waste management systefie higher efficiency of the waste management results in a
lower LCOE, meaning that a lower wholesale price can still result in economic vigdjis

illustrating this effect can be found Appendix |.1Effect barriers in case of low wholesale price
Addtionally, Figure21 shows that the efficiency of the waste management system can also cause the
diffusion to stagnate in the worst case scenario, and accelerate in the best case scenario. However, as
the efficiency of the waste management system is more stable comparectahiolesale price, it is
considered to be the second most important barri€he increased efficiency of the waste management
system results in larger landfills with a greater electricity potentiddich results in faster development

of LFGE anfull saturation by 20250n theother hand theresults indicate that a low efficiency of the
waste management systeprevents the development of LFGE projedisis indicates that the size of

the landfills is a very important factor in the development of LFGE projects.

Appendix |.1Effect barriers in case of low wholesale pratgo shows thattte other barriers are not able
to counteract the low wholesale price. In terms of policies, only the implementation of airfietadiff is
able to counteract the low wholesale price. This is as expected as in this case thie faef
determines the pucthase price. The implementation of the other policies does not resdiffursion in
case of a low wholesale price.
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Saturation LFGE projects
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Figure20. Effect wholesale price on saturation LFGE.
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Figure2l. Effect efficiency waste management system on saturation LFGE.

The lack of grid access can impede the diffusion of LFHGE€22) as can long tender processes, albeit
to a lesser extentRigure23). However removingeither one of the barriers witot result in full

diffusionof LFGHEn the coming 10 year#n casethere is no access the electricity grid thedemand is
limited to the electricity offtakers that are able to buy the electricity without going through the national
grid. This requires the offtaker to be physically close to the LFGE piad|eeting for the installation of a
direct electricity cable to the offtaker. As timeimberof offtakers that fulfil this requiremenis limited
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the demand for electricity is significantly smaller than when the electricity demand is equal to the
demand of the national gridThis resultin fewer projects being planned and installed because of the

risk of not being able to sell the electricitMoreover, no access to the electricity grid results in the
demand being smaller than the full electricity potential of LFGE, which will prevent the TIS from
developing to its full potential, as it is not viable to generate electricity without being able to uttilise
terms of theeffect of landfill ownershipthe best case scenarigvhenthe landfill is privately owned and
there is no tender process, it is more attractive for entrepreneurs to propose the implementation of a
LFGE project at a landfill becausader processes can be tedious and complex (Mbazima et al., 2022).
Therefore, countries with privately owned landfills show a faster development of LFGE projects.
Nevertheless, this fast development is held back by the price of electricity. As sh&iguial9, the
wholesale price is not sufficient to cover the LCOE of LFGE before 2016. However, the extra revenue
stream resulting from the sale of carbon credits reduces the minimum required price for LFGE to be
attractive. Ater 2010,the minimum required price is equal to the LCOE of LFGE because the generation
of carbon credits is not allowed anymore. Therefore, the quick development of LFGE stops after 2010,
only taking off again after 2030, when the wholesale price is once ag&ireh@igh to make LFGE
economically attractiveln case the tender process is very long, it becolass attractive for

entrepreneurs to join the process, resulting in little to no LFGE projects being implemented. Only when
the price of electricity starts to increase, LFGE becomes attractive enough for a few entrepreneurs to
join the TIS and set up prajes. However, no diffusion is achievetr will be achieved in the near

future.
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Figure22. Effect grid access on saturation LFGE

59



Saturation LFGE projects
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Figure23. Effect tender process on saturation LFGE

CGorruption and the development dhe national grid have little to no effect on the development of

LFGE, as illustrated Figure24 and Figure25. Corruption shows no effect on LFGE development

becauset is only part of the riskn international investment into LFGE and does not play a role in the
determination of risk on domestic investmeiithe total risk factoon international investment ian

average othe technological risk, policy riskarket risk, and corruptionrherefore theeffect ofan

increase ircorruption is levelled ouand does not result in the expected valdmppingbelow zero The

cases in which the expected value does drop below zero can be attributed kovike expected

revenue due to low prices, rather than the risk factoarterms of the development of the national

electricity grid, the worst case scenario, in which only 0.8% of the population has access to electricity
increasing to only 8.4% by 2022, does not result in very large differences in the saturation of LFGE
compaed to the base case. Even a low development of the electricity grid does still result in sufficient
demand to be able to sell all generated electricity by LFGE projects. Neverttiededsyelopment of

LFGE progresses slightly slower than in the base case. This can be attributed to the slower development
of formal legitimacy due to the complementary products and services building block being less
complete. A high development of the namal electricity grid, with values as high a 1, does not have a
great impact on the saturation of LFGE projects because the difference between the base case and this
best case scenario are small. In the base case, the share of the population with acelestricity is

already very high, with shares between 0.8 and 0.9.
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Saturation LFGE projects
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Figure24. Effect corruption on saturation LFGE
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Figure25. Effect development national electricity grid on saturation LFGE.

Finally, diring the interviews, the hypothesis was raised that carbon cregitsgive the final push to
make a LFGE economically vialsFigure26 indicates,changes in the future price of carbado not

play a rok, when all the other input parametesse implementedwith base case valuegVhile the

carbon credits didesult inLFGE becoming economically attrac@ehe beginning of the simulatign
when the wholesale price was below the LCOE of electrieigyi{e19), carbon credits do not have any
effect on future development of LFGA. the beginning of the simulation, the carbon credit price is high,
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reducing the minimum required price to make LFGE attractive to below the wholesale price of
electricity.However, withthe followingreduction in the carbon credit price, the minimum required
price exceeds the wholesale prigaaking LFGE unviable again. The carbon credit price then starts to
rise again, reducing the minimum required price for LFGE to be attractive once more. However, this
effect abruptly endsvhen the additionality requirement is exceeded and the sale of carbon credits is
not allowed anymoreMoreover, at thispoint, the wholesale price hamostlysurpassd the LCOE of
LFGEmeaning that the wholesale price alone is sufficient to make LFGE economically at@&adtive
carbon credits are not required anymore.
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Figure26. Effect carbon credits on saturation LEFGE

Although the sale of carbon credits does not have an effect omlévelopment of LFGE projects when
the wholesale pricexceeds the levelised cost of energy from LFGE, it does affedetiedopment of
LFGE projects when the wholesale price of electricity iskigure27 shows the saturation of LFGE
projectsin case of low wholesale pricasdhigh carbon pricewith varying additionality thresholdsn

its current implementation, the sale of carbon creditsa high pric&eannot compensate for thiow
wholesale prices because of the additionality requiremevttichrequires the market share of LFGE to
be below 30% to be able to generate carbon credifgh this additionality threshold, the role of carbon
credits is limited tdkick-starting the developmenin case theprice ofcarbon creditis high. When the
additionality threshold is increased #®%, carbon credits also start to play a roléater stages othe
development oflLFGEA threshold of 70% allows the LFGE to develop up to the point that enough
lobbying power has been achieved to pressure the government into implementing an adequaie feed
tariff. The feedin tariff canthen take overonce the additionality threshold has been passed and the
generation of carbon credits is not allowed anymareintaining the economic attractivenesELFGE
until its full potential has been achieved. When #miditionality threshold is increased to 1, the carbon
credits themselveensurethat LFGE is economically attractive until its full potential is reached.
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It should be noted that the effect of carbon credigsien witha highadditionality threshold, is not
unlimited. When the wholesale price of electricttyopstoo much,the sale of carbon credits might not
able to compensate for the low wholesale pridhe price of carbon credits should be high enough to
cover the gap between theCOBf LFGE and the wholesale price of electricity. Low carbon credit prices
will not be able taachieve thisresulting in the stagnation of the developmeatillustrated bythe worst
case scenariof the wholesaleelectricity price Figure20).

Saturation LFGE projects

—— low wholesale price, high carbon credits price, additionality = 0.3

low wholesale price, high carbon credits price, additionality = 0.5
—— low wholesale price, high carbon credits price, additionality = 0.7
—— low wholesale price, high carbon credits price, additionality = 1
—==- baserun

0.8

0.6

dmnl

0.2 4

0.0

T T T T T T T
2005 2010 2015 2020 2025 2030 2035
year

Figure27. Effect carbon credits as compensation for low price

8.3Impact of innovation specific policies on LFGE diffusion

The model includes four innovation specific policee&FG collection requirement, an obligation to buy
the electricity from LFGE projects) abligationto generate electricity from LFG, and a fdadariff. In
the base case, none of the innovation specific policiesratially implemented.This section explores
the effect of these policiesn the development of LFGE projects. Both the implementation of the
policiesbefore the start of the simulatioas well as the implementation during tisémulation run are
explored. To investigate the latter, the pressure required to change the policies is reduced to 0.5.

Only the implementation of a fee¢h tariff is able to counteract the low wholesale price. This is as
expected as in this case the feadtariff determines the purchase pricEheimplementation of a feed

in tariff, provided its sufficient to cover the levelisedst of electricity from LFGE, immediately initiates
the development of LFGE projects. Thisassurprisingas the feedn tariff ensures the economic
viability of LFGE projects. Therefore, the generatibcarbon credits is not required anymofer the
economic vialiity of LFGEImplementation of an adequate fedd tariff at the initial stage of the TIS
allows for achieving the full potential of LFGE within a country within 20 to 25 years.
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Saturation LFGE projects
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Figure28. Effect feeen tariff.

However, this effect inot achieved when tk feed-in tariff is set bo low. Figure29indicates the effects

of a feedin tariff that is above the wholesale market price, but not equal to the levelised cost of energy
from LFGE, both in case of a high price of carbon credits and a lowAsitiee feedn tariff will replace

the wholesale price of electricity, an insufficient feladtariff can also prevent the development of LFGE
projects, especially when the price of carbon credits is not high enough to fill the gap. However, when
the priceof carbon credits is able to cover the gap, LFGE development will take off.
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Figure29. Effectinadequatefeedin tariff on different scenarios.

The implementation of the other policies does not result in diffusion in case of a low wholesale price.
Nevertheless, both the obligation to collect L§Figyure30) and the obligation to buy the electricity from
LFGFigure31l) result in LFGE developing fasteimplemented before 2005-or both policies, this
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effect is mainly due to théaster development of formal and informal legitimacy due to the initial
increase in the institutional fifThis results in more projects being implemented at the beginning of the
simulation, when the price is still highowever, the obligation to buy the electricity from LFG results in
a faster development during thisitial phase than the LFG collection requireméstause it also

reduces the risk for entrepreneussit is guaranteed that they will sell all the electricity generated.
During thisnitial phase the LFG collection requirememngsultsin anannual electricity generation from
LFGE projecthat is slightly highethan in thebase case, even though the LFG collection requirement
results in a lower share of LFG being used for electricity generagicause it isssumed that larger
share is flaredillustrating the increase immplemented projectsNeverthelessfor both policieswhen

the market share of LFGE becomes larger and the generation of carbon credits is not allowed anymore,
the development of LFG&mes to a halt until the wholesale price becomes sufficient once more to
make LFGE viabl€he policieslo therefore not compensate for low electricity prices. Howeverewh

the wholesale price increases again to a sufficient level, the development contiina8ly reducing

the pressure required to implemeitie policiesduring the simulation run has little effect on the
development of LFGEspecially for the collection requiremerbmpared to the base case because the
difference in the required pressure is small.
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Figure30. Effect implementation LFG collection requirement.
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Saturation LFGE projects
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Figure31. Effect obligation to buy electricity from LFGE projects.

Finally, he effect of theobligationto generate electricity from landfill gas is showrFigure32. The

early implementation of the obligation does affect the development of LFGE projects negatively because
it prevents the generation of carbon credits. At first, the development of LFGE projects is fully impeded.
When the wholesale price exceeds the LODH-G, a few projects are implemented. HoweveFigsare
19indicates, the wholesale price quickly drops below the LCOE again, preventing the development of
new projects until it exceeds the LCOE of LFG once more at the end of the siméldsitan.

implementation of the policy doesnlyresult in a slightly faster development of LFGE projects

compared to the base case. Thifect is small because the other functions and building blocks have
already been developedt the time of implementationThepotentialincrease in legitimacy due to a

better institutional fit is therefore smalAdditionally, a1 FGE was already vialliger 203Q which is

indicated by the increase in projects in the basse after 203Qhe increase in electricity generation

does notaffect the investment decision.
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Saturation LFGE projects
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Figure32. Effect obligation to generate electricity.

8.4 Summary of the results

From the results ibection8.2and8.3the barriersareranked in terms of importance. This ranking is
presentedin Tablell. Thefigures inAppendix 1.ZZomparison barrieri base casshow the effects of
all barriers in one figureanakingcomparisormore straightforward.

Tablell. Relative importance barriers and policies
lindicatesthe mostimpactfulbarriers and 7 indicaisthe least impactful barriers.

Rank Barrier Rank Policy
Wholesale price of electricity 1 Feedin tariff
Efficiency waste management system 2 Hectricity generation obligation (p3)
Grid access 3 Obligation to buyelectricity (p2)
Tender process 4 LFG collection requirement (p1)

Price carbon credits
Development national electricity grid
Corruption

~N oo wN R
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9.Discussion

This research aimed to investigate the barriers to the development of LFGE in Africa and their effect
over time through the TIS perspective. To this end, a hybrid numietbining theTIS structures and

building blocksvas created, which is the first of its kind. Although the model builds omibeel of

Walrave & Raven (2016he model ceated in his researctlis the first model that connects the TIS

functions and the TIS building blocks into a single model. Additionally, the development of LFGE in Africa
has not been investigated through a system dynamics model before. Previous research focussed on
creating aninventory of the barriers to diffusion (e.jjuko et al., 2018; Karekezi et al., 2088.tezo,

2016), rather than assessing their effect on the diffusion over time or their effect relative to the other
barriers.

9.1Key findings
This section discusses the key results found through experimentation with the SD model.

9.1.1Effect of the barriers on LFGE development

From the results in Chapt&it can be concluded that the wholesale price of electricity and the
efficiency of the waste management are the most important barriers to the development of the LFGE
TISTo intiate the development of EGE, thavholesale pricef electicity should behigh enough to

cover the LCOE of LFGE, or at least to cover the minimum price to make LFGE projects economically
viable while also considering the carbon reverkiaekezi et al. (200%Ireadyhighlightedthe need for
carbon revenudy recomnendingcarbon financingn cauntries withlow electricity prices. However to

be ableto utilise carbon financinghe price of carbon creditseedsto be high enough to reduce the
minimum required price to below the wholesale priddoreover, Karekezi et al. (20®) indicatethe

need for a standard price tmake LFG lucrative féwcalinvestorsand create a equal paying feld
amongenergy setor investors.The importance of the $ability of prices is alsighlichted by. Syt 6 S
et al. (2012gnsthey arguethat price stabilitys oneof the cataysts offoreigninvestment

The efficiency of the waste management influences the LCOE of LFGE because a more efficient waste
managemensystemwill create larger landfills, which have a greater methane poteralthe other

hand, too little waste being collected within a country can prevent the development of LFGE projects as
the landfills will be too small to generate a viable amount of electrigitys aligns with previous studies

that inventoried the barriers to LFGE. Karekezi et al. (2009) argue that a minimum inflow of waste is
required for economic recovery of LFG, with the main caveat being the collection and transportation of
the waste to a ladfill. Additionally, Adeleke et al. (2021) argue that the sustainability of waste to energy
processes are dependent on a sustainable supply of wikieeover,Yan et al. (202Qrguethat the

biggest challenge for small scale waste to energy plants is thebeosfit balance and thus creating a
viable business cas@rid access also has a great impact on the development of the LFGE TIS because
inacceswility of the grid prevents the development of LFGE projects due to the demand being too low.
Nevertheless, grid access only rankétbéit of 8 barriers in terms of relevance for waste to energy
development in South Africa accordingastudy conducted by Amsterdam and Thopil (20This
differencemight beattributed to the fact thaton the individual project levehe off-grid demand ould

be high enougho sell the generated electricity of the individual projeahd therefore the

inaccessibility does not need to be a problem for every individual prdjestertheless, the totabff-grid
demand will be too small to cover the full electricity potential from LFGE in a country, preventing full
diffusion of LFGERAdditionally, Amsterdam and Thopil (2017) @eommendgivingpower producers
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access to the national electricity gridnd to streamline this processpite the barrier oly ranking &

out of 8. The length of the tender process, indicating the difference between publicly and privately
owned landfills, carither accelerate or slow down the development of LFGE projects, which is in line
with the hypothesis raisely the interviews. Nevertheless, its positive effect is largely dependent on the
wholesale price of electricity. Only when the price is high enough, private ownership of the landfill will
haveanaccelerating effect. The effect of the development of the national electricity grid is small,
whereas corruption does not show any effect on the development of LFGE projects. A poorly developed
electricity gid, with only a small share of the population having access to electricity, still results in
sufficient demand in South Africa to sell electricity from LFGE. However the development will progress
at a slower rate.

Although the efficiency of the waste management systeasexpected to be an important barrier

since waste must be collected and processed to have any valine model might overestimate its

effect during the experiments in which charsge the waste management system are includetthe

base casghe effect is estimated correctly becaute efficiency of the waste management system is

kept constantand the number of potential projects is chosen accordingbvertheless, when the

efficiency of the waste management system is changed during the experiments, the number of potential
projects is not changed. This means that during these experiments, the additional electricity potential
resulting from better wastenanagement is equally divided over the base case number of potential
projects, whereashe possibilityalsoexists that part of the additional waste will be processedew

landfills. This would reduce the average amount of waste send to the landfills, and therefore reduce the
electricity potential of the potential LFGE projeittghe best case scenario of the waste management
system

A potential underestimation of the model lies in the effect of corruption on the development of LFGE
projects. The model results suggest that corruption does not affect the development of LFGE within a
country. The explanation of this result is twofold:ch)ruption is just one of the four considered risk
factors for international investment, which are all equally weighted, minimizing its individual effect. 2)
the total risk factor affects the investment decision, which is modelled as binary. Therefore, it does not
have an effect on the amount of money investédt only onthe decisionwhether money is invested or

not. A literature review performed by Habib and Zurawicki (2001) indicates the effect of corruption on
foreign investment is difficult to establish. Several papers they reviewed did not show a significant effect
of corruption on foreign investment. Neverthalg they also reviewed papers that indicated a significant
negativeeffect of corruption on foreign investment. The lack of consensus on the effect of corruption is
also indicated by Quazi et al. (2014). They indicate two views on corruption: the grabbing hand
hypothesis, which indicates that corruption reduces the FDI becaube afefficiencies and distortions

it causes, and the helping hand hypothesis, which suggests corruption increases FDI because it allows
investors to bypass bureaucratic processes, among others. From their research Habib and Zurawicki
(2001) concluded thtacorruption should be analysed in the broader seeie@nomic context of a

country, as the presence of certain sogabnomic variablecan have a significant effect on the impact

of corruption. More research is needed on the effect of corruption on investment into innovation
systems in developing countries.

Finally, it should be noted that the data used for the total electricity potential slightly overestimates the
real electricity potentialThe dataused in ths researchs based on the research conducted®garlat et
al. (2015) Theycalculate the electricity potential in various countriesth based on the waste
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generated and the waste collected in each country under the assumption that all waste is landfilled.
However,Njoku et al. (2018) indicate the share of waste in South Africa to be landfilled or deposited in
dumpsite to be 95%jnderthe assumption that all collected waste in South Africa was accepted and no
correction on the input data was performed. However, the 5% of waste being treated differently, might
result in a small deviation from rewlorld electricity potential of LFGE

9.1.2Effect of the innovation specific policies on LFGE development

The most important innovation specific policy is the faéedariff. If set adequately, the feeih tariff will
fully compensate a potential low wholesale prigéis aligns with the effect of fedd tariffson
European renewable energy markets, suctspain and Germany, where feedtariffs are considered
the main contributor to th& succesgNdiritu & Engola, 2020NeverthelessNdiritu & Engola (2020)
alsoacknowledge that the design of the fedalis critical to its succes$hey state that &eed-in tariff
should be simple, flexible, specific, dodgterm. Additionally, as indicated by tleirrentmodel,the
feedin tariff shouldbe able to cover the levelised costs of energiiisfeed-in desigralignswith the
feedin tariff already implemented in Ugand&leyer ¢ Renschhauser2013). Howeverthe model
indicates thata feedin below the levelised cost of energy coaldobe a short term solution to kiek
start the development of LFGIES long as it is complemented by canb@venue If the feedin tariff is
insufficient to cover the LCOE of LFBE gapcan be compensated arbon credits, which could
reduce the minimum required price to below the level of the feedariff, provided the pige of carbon
credits is high enougiNevertheless, this is not a permanent solution, as the additionality requirement
prevents the indefinite generation of carbon credits.

The obligation to generate electricity is also an important policy, but surprisingly this is mainly due to its
impeding rather than its incentivising effect. This conflicts with the hypothesis that the different policies
will incentivise the development &fFGE projects. The implementation of the obligation to generate
electricity eliminates the possibility to generate carbon credits as the LFGE projects would also be
implemented without the opportunity to create carbon credits. This is problematic vihewholesale

price is not sufficient to create economic viability on its own, as it will prevent the development of LFGE
from taking off. Nevertheless, there exists an exception for policies being implemented after 2001. To
prevent perverse incentive, the USEC (n.d.) has introduced callede policies, which are policies

that incentivise the implementation of less emission intensive technologtesse policies need to be
implemented after the Marrakech accords in 200he E policiesare notconsideredn the

determination ofadditionality. Therefore, if the obligation to generate electricity was implemented

before the start of the simulation runs in 20@8dbefore 2001, the implementation of the policy does
indeed prevent the generation of carbon credits. However, if the policy was implemented between 2001
and 2005, or even later, the generation of carbon credits is still allowed. Nevertheless, this specific
scenaro is not included in the current modahd should be investigated by future resear@¥hen the
obligation to generate electricitis implementedwhile the wholesale price is sufficient to ensure

economic viabilitythe development proceeds more rapidlyah in the base casélevertheless this

positive effectis minimal Finally,in line with the hypothesifrom theinterviews,both the obligation to

buy electricity from LFGE projects as well as the requirement to collect theave@n incentivising

effect However, their effect is only visible when LFGE is economically \Ranidiand Twaha (2015)

argue that theimplementationof the obligation to buy the electricitgsa part of thefeed-in policyis

the most desirable policy to support renewable energuyture research should quantify the effect of

this specific combination.
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9.2Diffusion pathways

The flowchart irFigure33illustratesthe scenarios in which diffusion will or will not occ@Qutcomes in

red indicate that there is no potential for LFGE within a countrder current conditons. Outcomes in
yellow indicate that diffusion of LFGE will not occur, but the conditions are sufficient for a few projects
to be implemented. Outcomes in green indic#tat full diffusion of LFGE will occur within the short

term. As the figure shows, the absence of an adequate purchase price prevents the diffusion dhLFGE.
this branch of the flowchart,FGE will onlgliffuse eventuallywhen the political situation within a

country allows for lobbying to be effectivé&/hen the purchase price is adequate, LFGE will most likely
diffuse. Theconditionsin this branch of the flowchamostlyaffectthe pace at which the development
takes place.
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9.3Reflection o the hybrid approach

This first part of this research focused on creating a conceptual connection between the fahatidn

the structural approach of assessing the performance of a TIS. Until now, the assessment of a TIS has
onlybeen performed by applyingither oneof the approaches. No attempts had been made to combine
the two approaches into one model by investigating the relations betweerstitueturesand the
functions.However, the connection allows for the assessment of the effect of structural barriers on the
development of the TI8ver time Additionally, thenclusion of the building blocks, which are of a lower
level of aggregation compared to the TIS functions, allovafefatively easy implementation @fse
dataon the barrers While creating the link between the different TIS elements, it turned out that the
building blocks mainly influence the TIS functions rather than the other building bfaggeting that
connectingthe two approaches adds value to the overall analg&iBlS developmeniNevertheless,

linking the two approaches also came with some difficulties. First, the conceptual model of the hybrid
approach is highlgensitive to the definition used for the TIS functioBergek et al. (2008a) provide an
overview of the different definitions used in differer@search paperdiVhile most definitions are

similar, subtle changes exist for some of fhactions. For exampléjekkert et al. (2007) define the
creation of legitimacys the development of advocacy coalitiomdile theBergek et al. (2008a) take a
broader definition of the same functiorsy not only including the manipulation of institutions, but also
the conformanceto andcreation of new institutionsAdditionally the definitions of the TIS functions

are broadallowing for a wide range of possible indicattirat could potentially measure the status of
the function Thiscreates diffculties inmeasuingthe TIS functions with a single variablehich is

required for the aggregated version of the hybrid modelke market formation for examplelekkert et

al. (2007) argue that this function could be measupgdnapping the number of niche markets, tax
regimes and new environmental standard#is research has chosen to measure the market formation
function by analysing the feeid tariffs, but choosing anothendicator could have resulted in different
relations with other functions and building block&herefore, careful consideration should be git@n

the definitions and indicators usef. consequencef fitting the broad TIS functions into single

indicators could béhe oversimplification of the functions and therefore misspmentially important
elements of the functioawithin the model

Another difficultyfound in connecting the functional and the structural approach lies in the ovérkp
can be found between some of the building blocks andTi& functions. For example, it could be
argued that the building blockzroduct price and demand show overlap with the market formation
function, depending on the definition and indicator used for market formation. Nevertheless, the
definitions in this research are chosen in a way that eliminates the overlap betwedsutlding blocks
and functbns as much as possible, making it easier to connect the two approaches.

Despite tlese diffculties the application of the model of the hybrid approach to the case of LFGE in
South Africa did provide promising results. The maaelrately reflectshe past behaviour of the
development of LFGE accurated is illustrated ifrigurell. Still, this research only provides a first
attempt in connecting the two approaches and creating a dynamic nafdelFuture research should
develop this hybrid approach furthe@nepotentialway to further develop the hybrid approach is by
testing the model on other cases of TIS diffusmincreaseconfidence in the modednd the relations
found.
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9.4Implications of the research

The impicationsof the research & bah of ascientificand a societal naturéddditionally, the research
canbe generalised to other TIS cases gedgraghical sopes.The conceptual model of the hybrid
approach is constructed in an aggregated manner, which allows for generalisation to other Ti8 cases
the context ofdevelopingcountries This requirespecifying parts of the modekwas done for the

LFGE cas@dditionally, theSD modeWas created with the aimf beinggeneralisable to LFGE in other
African countriesHowever the performance of the SD model on other LFGE cases in Africa hgs not
been tested

9.4.1Scientificcontributions

Thescientificimplications of this researcére twofold: 1) it adds to the literature on TIS and its
performance assessment through dynamic modelBhg adds to the literature on LFGE in Africa by
identifyingthe main barriersmpeding the development of LFGE and their quantitative effect.

This research contributes to the body of literature of TIS in two ways, rsbnnecting the structural
TIS approach with the functional TIS approach into (@yeamic)model, this research provides a novel
way toassesshe development of a TIS over timadicatingthe causal relations between the TIS
functions and the TIS building blocKtowsfor the qualitative study of the effect of the ThRilding
blockson the functions and vice versa. Translating this conceptual model irggséem dynamics
model, allows taquantitatively study the effect of these interrelationships over time, rather than at a
specific moment in timeThis provides the opportunity to investigate the effect of the barrigrkich

are often of a more structural naturen the development of a Ti®ser time Additionality, the lower
level of aggregation of the building blocks allows for easier application of the model on a specific case.
Secondlimited attempts have been made to assess émergenceof a TIS through system dynamics
modelling.While Uriona andsrobbelaar (2019) describe studies that model part of an innovation
system, only Walrave & Raven (20H61d Raven & Walrave (2020) halevelopeda system dynamics
modelthat assesss aTlSas a wholeHowever they focus on the TIS functions rather than the TIS
structures, or a combination of the twdheintegrationof the TISfunctionsand thebuilding blocksnto
one modelis a novel approach that has notdresudies bdore.

This research also adds to the literature on the development of LFGE in Rifrétly, this research
provides a synthesis of the barriers found in literature and through the interviews. Additionally, this
research assesses the barriers to LFGE through the TIS perspilthivagh several papers halisted
the drivers and barriers of LFGE in Afrarmassessment through the TIS perspective has not been
provided before Additionally, ths research investigates thedfect of the barriers over time, as Wwels
the relations betweerthe barriers themselves and thest o the system This allows for assessing the
effect of the barriers orthe TIS developmerand the conditions required for diffusioiMoreover, this
provides the opportunity to assess the importance of each barrier compared to the other barriers.
Finally this researchhasinvestigated theeffect of carbon market on thedevelopment of LFGE Africa.
Limited research has been conducted on the effeatabon markets on the development of LFGE.
Addingthe effect of carbon credit generatian the modelffills this gap.

9.4.2Societaktontributions

Applying thecreated conceptual model of the hybrid approach to analyse a TIS to the caB&hin
Africa allows for testing the functionality of the hybrid approaghvorking model to evaluate the
diffusion of technological innovation systemrovides insights into thbarriers for their diffusionThis
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allows to createeffective policiesto remove these barriersAdditionally, such a model allows for testing

the effectiveness of different policies, guiding policymakers to select and implement those that
accelerate the diffusion of technological innovation systeftssthe TIS approach is important for the
analysis of the development of sustainable transitions (Markard, 2020), this could aid the acceleration of
environmental shifts.

An implication of the application of the model to the LFGE tati®e possibility for project developers
to test the potential of LFGE various countries in Africagainst the conditions that werdeemed
essential by the model resultShese conditions are summarised in the flowchaffigure33. This
flowchart provides @omprehensive wajo assess th@otential of LFGE projects in other African
countries, withoutdirectly using the SD modeThis is an important contribution as the SD mod&nge
andcomplex and therefore difficult to udey policymakers angroject developersBy using the
flowchart, the model results can still be applied and generalised to other courifiiés coud result in
opportunitiesfor LFGE projecthat were not considered beforeAdditionally this coulduide resources
into countries with potential, rather than spending resources on projects that are doomed to fail
because the conditions in the country are rsoffficient yet This leads to the efficient use of resources
into sustainable developmenEinally the resultscould be used by poliewakers todetermine the most
effective polcies for thedevelopmentof LFGE.

9.5Limitations
As with any research, this research comes with its limitations. The limitations are divided into limitations
of the research design in general and the limitations related to the implementation of the model.

9.5.1Limitations of the research design

One of the limitations of the research design is the selecticgh@interview participantsThe

participant were selected through convenience samplifigis resulted indur of the fiveparticipans
beingemployees of AnthesisClimate Neutral Group/Nhile allparticipans have been involved in the
development of LFGE projectsow or in the pastand can therefore be considered experts on the topic,
the lack of variation in thearticipans might havenfluenced the results from the interviewAsall
participant work for a commercial party, the importance of economic barriers might have been
overestimated Without economic benefits, commercial parties are not likely to be interested in being
involvedin projects.Including the perspectives afwider variety of stakeholder, such laadfill owners
local governmentsor academics migtghift the perceived importance dfie different barriers.
Additionally, only one of the participants is based in South Afficarefore, the Africanepresentation

is limited increasing the risk @fcorporatingEuropean perspectives and biases into the reseandtich
can bedifferent from African perspectiveg\lithough this limitation ipartiallyaddresses byhe
complementary literature review, which aimed to involve as many African authors as pogwble,
results should be considered with these potential biases in mind.

Another limitation can be found in the validation of the system dynamics model. \Windexpert has
been consulted to validate thmodel structure by going over the main model assumptions, most of the
validation was performed by the authberself, based on the available information in literature and
documentation of existing carbon projeci&sdditionally, the consulted expert was again an employee of
Anthesisg Climate Neutral Group/Vhile the expert validation provided valuable informatiom the

model sssumptions, which resulted in the improvement of the model, as well as new insights on the
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implication ofcertainassumptionsincreasing the number of expert validation interviews migtdvide
additional information and insights, which could improve the model even further.

A third limitation of the research design lies in the choice of system dynamésluate the diffusion
of LFGE in Africa. While system dynamics is considesedadlemethodto analysetechnological
innovation systerabecause of the ease with which it can handle the fee#batime delays, and other
non-linearities of such systemis strengths lie in the prediction of behavioural patterasher than
point predictions(Bala etal., 2017).Therefore,the exact valuesequired pr the barriers to bevercome
couldnot be determinedwith accuracybut only conditions based ahe system behviour and
feedback between the barriers and the TIS coulghtzevided.

9.5.2Model limitations

Asno model is perfectthe model created within this research comes with its limitatidrige first
limitation is related to the choice to only model the inflows of the TIS functions and building bAscks.
the scope of the research wasitovestigatethe formative phase potential decline of the TIS was not
considered. Therefore, it wassumedhat the TIS functions and building blocks wogtdw rather
smoothlyand no outflows were requiredrhissmooth growth wagspeciallyassumedor the functions
and building blocks that were modelled in a more abstract way. Neverthéessild be possible that
the formation phase of a TIS does mobgress easily and functions and building blocks do grow and
collapse before reaching a stelgrowth pattern. Modelling the outflows of tHeinctions and building
blocks would allow for testing this hypothesis.

Another model limitation lies in the fact théte effect of the status quo, the regime, is not considered.
Although the model does compare the purchase price of LFGE withhtblesale market price of
electricity in general to determine the attractiveness of electricity from LFGE on the demand side, it
does not considethe effect of the status quo on the supply side. The model assumes that in case of
economic viabilitywhenthe price is able to cover the LCOE of ldiBepreneurs will join the TIS to
develop projects. However, it does not consider gusts ofthe generation of electricity from other
sources, such as coal or solaowL COEof other electricity sources could affect the decision to enter
the LFGE TI8lthough LFGE might be viable, the profits of tikeer technologies might be higher and
therefore more attractive.

Finally, the model does not includeyaiinancial incentives to enhance demartdowever, financial
incentives, such as subsidies could be a good alternative to the obligatinty tihe electricity

generated from LFG as both increase the demasdfinancial incentives woultk taken fromthe

domestic resourcegheir implementation would result in less resources being available for knowledge
development and diffusion or domestic investmeftiscoud be an avenue for future research

9.6Suggestions for further research

This research providesfiast attempt to combine the functional TIS approach and the structural TIS
approach into one modeHoweverthis avenuecouldbe further investigated The model created in this
research could be applied towider variety of case studsto further validate therelations found in this
research Additionally, this mighhighlightpotential shortcomings thadlid not arisein the LFGE case
allowing for further improvementBesides, further research is needed on the potential decline of the TIS
functions and building blocks during the formation phase of the TIS. This requires modelling of the
outflows ofthe stocksof the functions and building blocls the current modelMoreover,research on

76



the whole lifecycle of a TIS is still limited. Wikilarkard (202Qtakes a lifecycle perspectiand

identifies the different stages of TIS developméutther researctcouldbe conducted on modelling
eachof the stagesespecially thanaturity and declinestage Future research on TIS modelling could
alsoadd the imm@ctof the regime to the current modglvhich will allow for the assessment of the effect
of incumbent technologiesn the development of the TISo this end, Walrave & Rave20(6) ould be
taken @ astarting wint asthey do include theegime intheir functional systen dynamis model.Their
approach could be connectdd the hybrid modetlto investigae the effect ofincumbent technolgies in
combinationwith the structual barriers Pressure enforced by the regime on the development of the
TIS is excluded from the modekated in this research

Furthermore more research is needed to investigate the LFGE case fisslly, due to the manual
implementationof the experiments, only a limited numbef experiments could beonducted.
Nevertheless, a large number of experiments could provide more insights intanddel configurations
that prevent or accelerate diffusigmndallowsto go beyond the effect of the individual barrieiBo this
end, future research could appBxploratory Modellingind Analysis Thismethod allowsor searching
over a large ensemble of modelad thereforeprovides the opportunity to investigatie
implementation of a large number of scenarios

Furthermore, the flowchart provided iRigure33 could be extended. Currently, the flowchart gives a
static overview of whicleonditionslead to which scenariorhisimplementationof the flowchart is
useful for projectdevelopers seldng asuitablecountry to develop LFGE projediational mlicymakers
could use thecurrentflowchartas astatic assessmentf the LFGE ptential in their cauntry. Howe'er,
the flowchart coutl be extended to adynamic mapfor examplehrough the adaptivepathways
approach indicating the most promising policy to implement in each scenaiiber curent or future,
to initiate diffusion.Thiswould make the flowcharadaptiveand policy-oriented.

Additionally, further research could consider the applicationAgfent Based Modelling, either in
combination with system dynamics modelling or as a model of its owal]da modelling the
production system of individual landfills in more detdihe current model operates at country level.
However, the technicddarriersof a TIS can only be investigated on the project level. Traditional SD
modelingdoes not allow for tlk differentiation in the level of aggregatiomithin one modelModelling
the individual landfillshrough Agent Based Modellirgpuld providensights in thaechnicalbarriers
and their relative importanceCombining this with SD modelliadjows forthe inclusion of different
levels of aggregation inta singlemodel, which willprovide insights into theffect ofthe varyinglevels
of developmenin individualLFGE production systeran the diffusion of LFGE within a country.

Finally, the current model could be improved to overcome the limitatimentioned in Sectio®.5.2
andthe effect of the excluded barriers could be investigat&dditionally,the waste generation and
electricity demand could be implemented in a dynamic way, accounting for their increase fiwe to
example population growthConsequently the inflow of potential projectsouldbe modelledto
investigate theeffect of new landfills being opened due tadincrease in waste generation
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10.Conclusion

The objective of this research was to answer the following questidimat conditions within the landfill
gas to energy innovation system enhance the diffusion of landfill gas to energy projects in Africa
considering the dynamic behaviour of the innovation systéhe?esearch aim contained in this

guestion was twofoldl1) to combine thdunctional and structural TIS approachet onehybrid
approachto allow for a more detailed assessment of the barrierthe emergence of &1S over time. 2)

to investigate the causes of the limited adoption of LFGE projects in Africa by creatinglerstanding

of the dynamidehaviour of the LFGE TT®.answer the main question, first the five sgliestions are
addressed. Thanswers to the sulguestions are then synthesised into an answer to the main question.

10.1 Answer to the sulguestions

1. How can the TIS framework of Ortt and Kamp (2022) be connected to the TIS functions?
The TIS building blocks and the TIS functions caimbined into one causal loop diagram by
defining the causal relations between the functions and building blotedrave & Raven (2016)
have identified the relations between the different functions defined by Hekkert et al. (2007).
This research builds on their model by addingtractural TIS building blocks defined by Ortt &
Kamp (2022) to their conceptual modek well as additional functions proposed by Edsand
(2019) to adapt the TIS framework to the context of developing countfiedrave & Raven
(2016) have incorporated the TIS functions as stocks in their nhedaluse thee functions
indicate processsthat need to be butlup for the TIS to emerg&@he same argument is applied
for the TIS building blocks, which are also modelled as stocks, as the building blocks meed to
developed over timeThe building blocks need to be complete for the TIS to diffOst &
Kamp, 2022)This results in high-levelconceptual model of the relations between the building
blocks and the functiongach of theTlS functions and building bloatanbe further specified in
a more detaileqsub)nodel, depending orwhichfunctions and building blockae most
relevant tothe case under investigation.

While determining the set of TIS functions, it is importanthearly define the TIS elements,
especially the TIS functiong)cachoose the indicatoraccordingly. The TIS functions are of a

high level of abstraction, making them quite brodthis provides difficulties in defining the
relationship betweerthe functions and the building blocks. Reducing the level of abstraction by
clearly defining the TIS functions and determining indicators eases this panmsseates more
clarity in the conceptual mode

2. What are the key drivers and barriers influencing the adoption of landfill gas to energy projects
in Africa?
Through expert interviews and an extensive literature revi2wjmpeding factors were found,
which could be aggregated intd ®arriers. These barriers were categorised into five categories:
economic, technical, organisational, socatdother to include the barriers that did not fit into
one of the other four categorieheeconomic barriergncludeeconomic viability of the project
and funding The economic viability is related to market prices of electricity, fieetariffs, costs
of LFGE projectand carbon creditsThe technical barriemmainly determine the efficiency of
the methane generation, and therefore the electricity potential of a project. The institutional
barriers include the lack of permits &ll the electricity generated with LFG on tetional
electricity grid, as well as thebsenceof regulations on LFG handlinbhis does not créa
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incentive to develop a LFGE projetihe LFGE specific policikat could be implementedre
adequate feedn tariffs, a requirement to collect theFG as well as a requirement to generate
electricity from the LFG, and an obligation for offtakers to buy the electricity from,LFGE
reducing the rislof not being able to sell the electricitfhe length of carbon processes and the
complexity of PPAs were also identified as institutional barries. organisational and social
barriers include public landownership, the lack of human capacity, a monopolised energy sector
and the limited awareness of the benefits of a LFGE project. Finally, corruption, the lack of
public supportthe lack of demand, and the dependency on cheap fossil fuels were identified as
barriers.

3. What are the causal relations between the drivers and barriers and the TIS model as defined in
SRQ1?
As expected, mogif the barriers identified in SRQ&re relatedto one of the TIS building
blocks Most of the barriers were of a structural nature, meaning that they only change slowly
as opposed to the more dynamic functions, which develop more quighlitionally, the lower
level of abstraction of the building blocks eased the connection of the barriers to the nitikel.
emphasissthe need fora connection between the functional and structural TIS approades
this research aims tmvestigate he effect of the barriers over time.

4. What are the key factors or combinations of factors within the landfill gas to energy innovation
system influencing the diffusion of landfill gas to energy projects in Africa?
From the interviews, the hypothesis was raised that the economic barriers would be the most
impactful. Model experiments confirmed this hypothesis. Based onntizglel resultsa ranking
of the barriersand LFGE specific policieas createdwhich is presented again Trablel2.

Tablel2. Relative importance barriers and policies
1 indicaesthe most impactful barriers and 7 indiestthe least impactful barriers.

Rank Barrier Rank  Policy

1 Wholesale price of electricity 1 Feed-in tariff

2 Efficiency waste management system | 2 Hectricity generation obligation (p3)
3 Grid access 3 Obligation to buyelectricity (p2)

4 Tender process 4 LFG collection requirement (p1)

5 Price carbon credits

6 Development national electricity grid

7 Corruption

Nevertheless, not allRbarriers were implemented into the modedturther research could
investigate the effect of thexcludedbarrierson the diffusion of LFGE over time

5. Which system conditions will result in the diffusion of landfill gas to energy projeédiscia?
The most important conditiofor the diffusion of LFGE projects in Africa is economic viability.
More specifically, the purchase price of tékectricity from LFGE should be above the levelised
cost of energy of LFGEthe wholesale market price of electricitynot sufficient to cover the
LCOE of LFGE, a fardariff of a least the LCOE is requiréfidhe purchase price is sufficient,
LFGE can be considered economically viable, and there is a great chance that the LFGE TIS will
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diffuse. Nevertheless, even with a sufficient purchase price the diffusion of LFGE can still be
impeded This impediment can either be caused by a lack of demand or a lack of electricity
potential. Therecould be dack of demand when the electricity generated from LFGE cannot be
supplied to the nationkelectricity grid While individual projects might be able to find demand
through local grids, rather than the national electricity grid, thik most likely not be the case

for all potential projects witin a country. Therefore, on a country level the demand does not
meet the supply, which removes the incentive to develop LFGE projects, impeding the diffusion
of the TISOn the other hand, there could be a lack of electricity potentiatdver the costs of

the projects.In case of a paowaste management system, the landfilled wasi# be too little

to profitably generate electricity fromA low electricity potential wikllrive up the LCOBf LFGE
resulting in the unviability of LFGE projeatéich prevents the development of LFGE projects.
Therefore, the purchase price of electricity from LFGE should not only cover the LCOE, but it
should also be possible to sell the electricity on the national grid, and the waste management
system must be efficient enough to landfill an adequate amountaxdte.This will ensure

sufficient supply and deman@ne condition that would accelerate the development of LFGE
projects is private ownership of the landfill. Nevertheless, public ownership will not fully prevent
the diffusion of LFGE projects, but will only slow it dom.average duration of the tender
process of one year will still result in acceptable development of LFGE over the coming ten
years.A requirement to collect LFG and an obligation to buy the electricity from LFGE projects
will also accelerate thdevelopment of LFGE projects. Although the collection requirement
reduces the share of LFG used for electricity generation, the increase in institutional fit will
result inan increase iprojects in the end. The buying obligation wéltluce the risk of
entrepreneurs, while also increasing the institutional Which will also speed up the
development of LFGE. Nevertheless, these three accelerating fagtbosly be effective if

LFGE is economically vialdfénally, the generation of carbon credits could temporarily
accelerate the development of the LFGE TIS. Carbon credits provide an additional revenue
stream thatdecreaseshe minimum price that is requireth ensureeconomic viability of LFGE
projects.This could kiclstart the development of LFGE projects when the wholesale price of
electricity is slightly belowhe LCOE of LFG. Nevertheless, the effect of carbon credits is not
unlimited. Their generaion is prohibited when the market shabecomes largeand the use of
LFGE can be considered common practice.

In counties thathave implenented obligation to generate electricitpefore 2001it is not
possibleto generatecarbon cedits. This is not a problem when the purchase price is sufficient,
but in cases where there are no fe@dtariffs andthe wholesale price of electricity is low it will
prevent the development of LFGE projedimre researchshould beconductedon the effectof

this policy on thaiffusionof LFGHEnh case of an implementatioafter 2001

10.2 Answer to main question

It can be concluded that the conditions enhancing the diffusion of the LFGE TIS are of a structural nature
and therefore it is not possible to rapidly change them. The most impdetftdrs are the wholesale

price of electricity, the possibility to access the national electricity grid, and the efficiency of the waste
management systemAn adequate purchasprice, eitherthe wholesale price of electricity or a feéal

tariff, in combination withthe possibility to sell the electricity on the grid, and alvaglveloped waste
management system will result in the diffusion of LFGE projects in Afraree of these factors is
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missing, diffusiomvill not occur in the short termThe diffusion can be accelerated wham obligation

to buy the electricity from LFGE is implemented. The implementation of a requirement to collect the LFG
and private ownership of the landfills will also acceleratedtusion.Carbon credigeneration

provides an additional revenue stream, which could make LFGE viable in cdsw giuachase price.
Nevertheless, this effect is limited because, once LFGE becomes the common practice, carbon credit
gereration is no longer allowed.

10.3 Recommendations

Based on this research, several recommendations can be providededdramendations can be

divided into recommendations farational governmentsecommendations for project developers, and
recommendations for overarching international organisations, such a carbon credit certification bodies
or international development agencies

10.3.1Recommendations for national governments

National governments should be proactive in creating beneficial conditiortedatevelopment of LFGE
projects in their countryThis mainly involves creating a supporting institutional frameviork. FGE.
The recommendations for national governments asefollows:

1 To createa viable economic environment for LFGE projeEkss means keeping track of the
wholesale market price and taking action when the market is not able to create a viable price on
its own.Taking action in this case means to implemetdrayrterm feed-in tariff that is sufficient
to cover the LCOE of LFGE.

1 To implemenian obligation to buy the electricity generated from LR@&&ects This will
accelerate the development of LFGE projextd will be a effective addition to the
implementation of an adequate feeid tariff.

1 Toinvesin the waste management system, especially in the collection system. This results in
more waste reaching the landfill, and therefore a higher electricity potentidich will reduce
the LCOE of LFGE.

1 To invesin the development of the nationa&lectricitygrid. A well-developedelectricity grid
will create capacityor electricity from LFGE on the gridditionally,local governments should
be encouraged tissuepermitsallowingLFGE projects tonnect tothe national grid.

10.3.2Recommendationor project developers

For projects developers it is recommendedassess the potential for LFGE projects within a certain
country basedn the flowchart inFigure33. Whilecertain conditionslo not result infull diffusion of
LFGE projects, they could provide opportunities for individual proj&tisse cases might still be worth
exploring.Additionally, the flowchart provides insights into the scenarios that do result in diffusion.
However, not all diffusion scenarios allow for the generation of carbon créditeuntrieswherethe
diffusion has taken éfand LFGE is considered common practicéhe obligation to generate electricity
from LFGhad beenimplementedbefore 2®1, the generation of carbon credits is not allowed anymore.

10.3.3Recommendations for overarching organisations

The mairrecommendation for overarching international organisations isitwease the threshold
indicatingLFGE to be common practicecountrieswhere political instability results in the
ineffectiveness of lobbyindf lobbying is ineffective ianforcing policy changes, the implementation of
a feedin tariff will not be achieved endogenous{yarbon credits could, to a certain extent, cover the
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gap between the wholesale price of electricity and tHOE, creating economic viability even when the
wholesale price is insufficierBy looseninghe requirements for the generation of carbon credits
countries whereenforcing the implementation of feeth tariffs proves to be difficult due to political
instability,carbon credits ould continue to ensure economic viability for a longer period of time
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Appendices

Appendix A. Interview guide

This appendix provides the interview guide that was used for the-semnitured interviews conducted.
First, the drivers and barriers were explored (questied) 1These were followed by questions about the
TIS structures (question@). Finally,a question connecting the drivers and barriers to the TIS structures
is included (question 7Y.he interview was ended with a rousupp question (question 8).

1. LRSYGATFe@AY3a LINGAOALI yiQa SELISNASYOS 6AGK I yR
a. What is your experience with landfill gas to energy projects?
b. What is your experience with landfill gas to energy projects in Africa, specifically?

2. Identifying drivers and barriers
a. What are, in your opinion, the main drivers of landfill gas to energy projects?
b. What are, in your opinion, the main barriers of landfill gas to energy projects?

3. ldentifying relative importance of drivers anbarriers
a. Which drivers and barriers do you expect to be most important?
i. Why?

4. Exploring actor & networks structure
a. Who do you consider to be the main stakeholders in the implementation of landfill gas
to energy projects?
b. Do you think thesstakeholders are collaborating to enhance the implementation of
landfill gas to energy projects?
c. How do you think this (lack of) collaboration influences the process of implementing
landfill gas to energy projects?

5. Exploring institutional structure
a. What kind of laws or policies do you think are necessary to enhance the implementation
of landfill gas to energy projects?
b. Do you think these laws and policies are present in African countries?
i. If yes, in which countries are they present?

6. Exploring technology structure
a. What factors influence the price of energy resulting from a landfill gas to energy project.
b. What factors determine the performance of the landfill gas to energy technology?

7. Connection TIS structures and TIS functions
a. How do you think the drivers and barriers you mentioned relate to the stakeholders you
identified?
i. Does this relation change when the level of collaboration is also considered?
b. How do you think the drivers and barriers you mentioned relate to the laws and policies
you have identified?
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c. How do you think the drivers and barriers you mentioned relate to the performance and
price of the energy resulting from landfill gas to energy projects.

8. Closing question

a. Is there anything you would like to discuss about landfill gas to eneajgcts that we
havenot discussed yet?
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AppendixB® / 2y OSLJidzZ f Y2RSfa WKeoNAR I LILINR

This appendiprovides the causal loop diagram (CLD) the hybrid apprfraghre34). The TIS functions
are shown in bold, whereas the relations identified by Walrave & Raven (2016) are depictdd in
During the creation of th model, these relationsvere taken a a sarting paint.

Feedback loops:

R1. Creation of institutional legitimacy

R2. Creation of advocacy groups

R3. Knowledge development loop

R4. Market formation loop

RS5. Legitimation through performance

R6. Entrepreneurial lobbying

R7. Market assistance

R8. Demand for complementary infrastructure

Creating R9. Customer creation (non-financial)
adaptive R10. Customer creation (financial)
capacity Technological Product R11. Performance improvement

R12. Complementary infrastructure building

R13. Production system building

R14. Creation of financial incentive for entrepreneurs
B1. Knowledge diffusion loop

knowledge

(+, ¥
N quality/performance
1 diffused '

Re§9urce /\Technological Network Relations identified by Walrave & Raven (2016)
mobilisation +  knowledge formation/coordination
(domesticl) developed

Guidance v+
of search

+

* R12
‘ Complementary Market
products/services O : formation
@ ) Innovation-
\“_’/_Entrepreneuﬂal specific
activity institutions

Resource

i +

':en;z:\;id mobilisation
o gformaK (international)

+ ‘ Product
price

+ Customers |

Figure34. Causal loop diagram hybrid approach
SourceOwn work
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AppendixC. Drivers andbarriers to LFGE projects
This appendipresentsthe barriersfoundin literature and the barriers identifiethrough the expert
interviews.Thesebarriers are aggregateand categoriseih Chaper 6.2

Tablel3. Full list of divers and barriers to LFGE project gathered from expert interviews and literature

Interviews
Barriers
Economic

Economic viability

Funding

Technical
Uncertainty of
electricity
generation

Insufficient waste
management

Low efficiency

Distance from the
grid

Subfactors

- Low rate of return

- Low market prices

- Low feedin tariffs

- Low carbon prices

- High investment costs

- High maintenance costs

- Possibility to get a loan.

- Finding private

investment challenging
- International investment
prevented or discouraged

- Intermittency of

electricity generation

Literature
Barriers

Worry about recovery of

costs

Funding

Absence of production

tax credit

Inaccuracy of potential
energy generation

Quality and duration of

LFG generation

Insufficient waste
management

- High leakage of methane Lack of technical

solutions

- Cost of distribution cable Availability and

to the grid

accessibility of

Subfactors

- High investment
costs

- High operational
costs

- Absence of standard
price for generated
power

- High transportation
costs

- Unreliable flow of
waste to the landfill

- Incorrect waste
composition

- Poor infrastructure
- Poor data on waste
generation

Source

Karekezi et al.
(2009); Njoku
et al. (2018);
Mbazima et al.
(2022);Dlamini
et al.(2019)

Karekezi et al.
(2009); Njoku
et al.(2018);
Dlamini et al.
(2019)
Adeleke et al.
(2021)
Bogner & Lee
(2005); Couth
et al. (2011);
Karekezi et al.
(2009)

Njoku et al.
(2018)

Karekezi et al.
(2009); Njoku
et al. (2018);
Adeleke et al.
(2021);
Mbazima et al.
(2022)

Njoku et al.
(2018)
Karekezet al.
(2009); Dlamini
et al.(2019)
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Scale of the landfill

Organisational
Public landfill
ownership

Institutional
No access tohe
electricity grid

Regulations on LFG

handling
Long process of
carbon projects

Social

Limited awareness

of benefits

Other

Lack of government

support

Corruption

- Small landfill

- Slow tender and
permitting processes

- Challenging process of
securing a longerm
contract.

- Hidden agenda

- Limitedcapacity to
operate the project

- No permits for grid
connection

- Distance to the grid
- Obligation to flare

- Awareness of (local)
governments

- Awareness of landfill
operators

- Awareness of local
communities

- Blocking of projects by
public organisations

land/large area of land
required

Lack of human capacity - Lack of skilled
personnel

Monopolised energy
sector

No access to the
electricity grid

Complexity of Power
Purchase Agreements
Unsupportve
institutional framework

Lengthy CDM process

Limited awareness of

benefits decisionmakers

Lack of government
support/political will

Availability of endusers

Dependency on cheap
fossil alternatives

- Limited knowledge b

Adeleke et al.
(2021);
Agbejule et al.
(2021);
Karekezi et al.
(2009); Njoku
et al.(2018)

Njoku et al.
(2018)

Adeleke et al.
(2021)

Karekezet al.
(2009)
Karekezi et al.
(2009); Njoku
et al. (2018);
Mbazima et al.
(2022); Adeleke
et al.(2021)
Njoku et al.
(2018); Couth
et al.(2011)

Adeleke et al.
(2021); Njoku
et al.(2018);
Mbazima et al.
(2022)

Adeleke et al.
(2021); Njoku
et al.(2018);
Njoku et al.
(2018)
Adeleke et al.
(2021)
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Appendix EModel variables and their implementation

This apperdix preserts a visualrepresentation othe different submoded as wellhs theformulas and
values used for each variable. These visatibrs are more detailed thathe ones shown isection7.1

E1 Implementation submodel Institutional alignment

Figure35shows the implementation of the first submodel in Vensirhe building blocks are shown in
yellow, green, and blue, corresponding with tt@oursused in the conceptualisation of theylrid

approach.The saturation of LFGEojects, the KPI, is depicted in greyhereas the barriers found in
Section6.2are depicted ired.
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demand iy 8 Theoratical MWh to MJ
. T ; B Tt o Mimeme e
Effect eleczri[g’gugh et LFGE projects per tonne
st development ? > Av: time \
™ national gridon e initial total cacbon ceadits to ; Carbon credits Methane used for
electricity c Total :‘-m\a‘: incoma ? electrigity GWP
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S e : ‘ approved : ‘_’/ Smision
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Nomalmax . enerry — . A elactricity & : slectricity
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Figure35. Model implementation of submodel 1 Institutional alignment
Tablel4 shows the values and equations used to operationalise the model.
Tablel4. Values and equations submodel 1 Institutional alignment
Variable Variable Value Unit Source Comments
type
actual annual Auxiliary max annual energy potential LFGE MWh/Year On country
electricity potential projects *Effect waste management level
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Additionality Constant
threshold

Adjustment time Constant
institutional fit

Annual carbon Flow
income

Annual electricity  Auxiliary

generation from
LFGE

Annual income from Flow
electricity
Average length Constant
tender processes
Average lobbying
power advocacy
groups and
entrepreneurs
Average timéor
carbon credits to be
validated

Average time to
prepare paperwork
before starting a
project

Auxiliary

Constant

Constant

on energy potential LFGE projects *
Ratio operational projects

0.3

0.01

Carbon credits generated per
year*price of carbon credits

actual annual electricity potential *
Share collected LFG to electricity *
Production System * Product
performance/quality

Electricity (LFGE) sold * Purchase
price ofgenerated electricity by LFG
project

12

(Formal legitimacy + Saturation LFC
projects)/2

Dmnl

Year

dollar/Year

MWh/Year

dollar/Year

Month

Dmnl

Year

Month

Assumption

Assumption

Assumption

Assumption

The
maximum
share of the
market using
LFGE
technology
for LFGE still
be
considered
additional.

If either the
production
system or
the product
performance
/quality
building
block is not
complete, it
is assumed
the full
electricity
potential will
not be met.

Generally it
takes time to
prepare the
necessary
paperwork
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Buying obligation in Constant
initial year

Carbon credits Flow
generated per year

Carbon credits to Flow
approval process

Carbon credits to be Stock
approved

0 Dmnl

DELAY3I(Carbon creditsapproval  credit/Year
process Average time for carbon

credits to be approved, Carbon

credits to be approved/Average time

for carboncredits to be approved)

IF THEN ELSE(Policy 3 mandating credit/year
generation of electricity from LFG=0

:AND: Saturation LFGE projects <=
Additionality threshold Total

emission reductions per

year/Emission reductions per carbol

credit, 0)

INTEG(Carbon credits to approval
process Carbon credits generated
per year)

(Initial value = 0]

for a project.
It is assumed
that this
process is
faster with
private
partners
compared to
the public
tender
processes
This variable
is usedo
implement
the status of
the policy in
the initial
year.

If Policy 3 is
implemented
, it is not
possible to
generated
carbon
credits
because the
additionality
requirement
is hot met.
Also, when a
large part of
the market
creating LFGI
projects, it
cannot be
considered
additional
anymore.
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Carbon revenue per Auxiliary
kWh

Change in feeth Flow
price
Change in Policy 1 = Aukxiliary

Change in Policy 2 = Auxiliary

Change in Policy 3 = Auxiliary

Construction time Constant
Decommissioned Stock
LFGE projects

Decommissioning  Flow

Difference in feedn = Auxiliary
Effect development Table
national grid on function
electricity demand

Effect formal Table
legitimacy on new  function
projects

IF THEN ELSE(Policy 3 mandating
generation of electricity from LFG =
Potential credits per kWh*Price of
carbon credits, 0)

Difference in feedn/Time to
implement policy

IF THEN ELSE(Policy 1 requiremen
LFG collection =0, IF THEN
ELSE(Average lobbying power
advocacy groups and entrepreneurs
>= pressure needed to implement
LFCcollection requirement,1,0),1)

IF THEN ELSE(Policy 2 obliging buy
electricity = 0, IF THEN ELSE(Aver:
lobbying power advocacy groups an
entrepreneurs >= pressure needed |
implement buyingpbligation,1,0),1)

IF THEN ELSE(Policy 1 mandating
generation of electricity from LFG =
IF THEN ELSE(Average lobbying
power advocacy groups and
entrepreneurs >= pressure needed 1
implement electricity
mandate,1,0),1)

1

INTEG(Decommissioning)

[Initial value = 0]

Operational LFGE projects/Project
lifetime

"Feedin indicator"- "Feedin price"

2 A0K a5S@St2LISy
St SOUNAROAGE 3INRR
([(0,0}(10,10)1,(0,0),(0.852,1),(1,1.2]
)

With "Formal legitimacy"
([(-0.572441,0
(1.56234,1.3016)],(0,0),(0.25,0.125)
0.5,0.25),(0.6,0.38),(0.75,0.6),(0.9,0
5),(1,1))

dollar/kwh

Dmnl

Dmnl

Dmnl

Dmnl

Year
Project

Project/Year

dollar/MWh
Dmnl

Dmnl

Assumption
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Effect length tender Table

process on new

LFGE projects

Effect ratio

function

Table

electricity prices on function

new customers

Effect waste

management on
energy potential

LFGE projects

Table

Function

with "Ratio length tender process vs Dmnl
average delay before staproject"

with "ratio electricity from other Dmnl
sources vs electricity from LFGE"
([(0,0}(10,10)1,(0,0),(1,0.5),(10,1) )

Witha 9 FFAOASYy O& 4| Dmnl
aeaisye
([(0,0}(10,10)1,(0,0),(0.5562,1),(1,2..

)

If the input is
0, the tender
length is very
high
compared to
the average
time and
therefore the
multiplier is
0. If the input
is 1, the
tender length
is equal to
the average
preparation
time. Itis
assumed that
entrepreneur
s are likely to
take the
opportunity

if they do not
have to wait
longer than
average, so
the multiplier
is assumed
to be 0.9.
When the
tender
process is
shorter than
the average
preparation
time, the
multiplier
willgoto 1.
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Electricity (LFGE)  Auxiliary
sold

Electricity demand Constant
outside national grid

Electricity demand = Auxiliary
trough national grid

Emission factor Constant
national electricity
grid

emission reduction = Auxiliary
from electricity
replacement

Normal dectricity Table
demand through function
national grid

IF THEN ELSE(Yearly demand
electricity from LFGE>=Annual
electricity generation from LFGE,
Annualelectricity generation from
LFGE , Yearly demand electricity frc

LFGE)
2628000

Normal electricity demand through
national grid* Effect development
national grid orelectricity demand

0.985

Annual electricitygeneration from
LFGE * emission factor national

electricity grid
With "Time"
([(0,0y

(10,10)],(2000,1.75e+08),(2006,2.1¢
08),(2012,1.6e+08),(2020,1.35e+08
2024,1.4e+08),(2026,1.42e+08),(20
1.48481e+08),(2035,1.5e+08) )

MWhlyear

MWhlyear

MWh/year

tCO2e/MWh

tCO2elyear

MWh/year

Assumption:
1%of
electricity
demand
through grid
in 2000

Department
of Forestry
Fisheries,
and the
Environmen
t (2024)

Inglesi
(2010).

The demand
that does not
need the
national grid
to be
fulfilled, for
example
because the
customer is
very close
and a direct
cable can be
installed

The demand
through the
grid isthe
amount of
electricity
that is
purchased by
energy
offtakers.
This is
assumed to
be equal to
the demand
of endusers
using the
national grid
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Electricity mandate Constant
in initial year

Emission reductions Constant
per carbon credit
Feedin indicator Auxiliary

Feedin price Stock
Grid access Constant
(permits)

GWPmethane Constant

Institution building  Flow

Institutional Auxiliary
difference

Institutional fit LFGE Stock
projects

kWh to MWh Constant
conversion

LFG collection Constant
requirement in initial

year

LFGE project Auxiliary
planning

0 Dmnl

1 tCO2e/credit
IF THEN ELSE(Market dollar/MWh
formation<1:AND:Average lobbying

power advocacy groups and
entrepreneurs>"Pressure needed to

change feedn tariff", "Minimum

required feedin tariff (dollar/MWh)"

, "Feedin price")

INTEG(Change in fe@udprice) dollar/MWh
[Initial value = 0]

1 Dmnl

28 tCO2e/tCH4

Institutional difference/Adjustment = Dmnl/year
time institutional fit

Policy indicator Institutional fit LFGE Dmnl
projects

INTEG(Institution building) Dmnl
[Initial value = 0]

1000 kKWh/MWh
0 Dmnl

Perceived viability one
project*Potential LFGE
projects*Effect formal legitimacy on
new projects*Informal
legitimacy*ratio LFGE demand to
total electricity demand
*Effectlength tender process on nev
LFGE projects*Market
formation/Time bureaucratic
processes

Project/Year

World Bank.

This variable
is used to
implement
the status of
the policy in
the initial
year

This variable
will track
whether the
conditions
have been
met for the
feedin tariff
to be
adjusted
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Market formation

Wholesaleprice of

electricity from

LFGE (dollar/kWh)

Wholesaleprice of

electricity from

LFGE (dollar/MWh)
Normalmax annual
energy potential

LFGE projects

max annual energy
potential LFGE

projects

Methane used for

electricity

LCOE LFGE

Auxiliary

Table
function

Auxiliary

Constant

Table
function

Auxiliary

Auxiliary

IF THEN ELSE( Purchase price of
generated electricity by LFGE
project>"Minimum required price
(dollar’MWh)" , 1,

"Feedin price"/"Minimum required
price (dollar/MWh)" )

With "Time"
([(0,0)

(10,10)],(2000,0.062),(2014,0.062),(
015,0.07),(2016,0.08),(2017,0.055),

022,0.075),(2035,0.08) )
Now

Wholesaleprice of electricity from
LFGE (dollar/kWh)*kWh to MWh
conversion

2309000

Dmnl

dollar/kwh

dollar/MWh

MWh/Year

Normalmax annual energy potential MWh/year

LFGE projectsEffect waste
management on energy potential
LFGE projects

Annual electricity generation from
LFGE*MWh to MJ conversion/MJ
methane per tonne

IF THEN ELSE(Tetalctricity
potential one project>0, Expected
cost per project/Total electricity
potential one project/kWh to MWh
conversion , 100000 )

tCH4/Year

$/kWh

Blimpo et al.
(2018)

Scarlat et al.

(2015)

If the
wholesale
marketprice
ishigherthan
the feedin
price, there
is no need
for market
entry
assistance
and the
market
formation
function is
setto 1, even
though the
feedin tariff
will be O in
this scenario
Average
wholesale
prices for the
Southern
African
Power Pool
used.

2012 value.
Assumes that
all collected
waste is
landfilled.

Levelised
cost of
energy of
electricity
from LFG.
According to
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Minimum required
price (dollar/kwh)

Minimum required
price (dollar/MWh)

MJmethane per

tonne

months per year

MWh to MJ
conversion

Operational LFGE

projects

Pending LFGE
projects

Policy 1

requirement LFG

collection

Auxiliary

Auxiliary

Constant

Constant
Constant

Stock

Stock

Auxiliary

LCOE LFGEarbon revenue per kWt dollar/lkwh

Minimum required feeen tariff
(dollar’lkWh)*kWH to MWh
conversion

50400

12
3600

INTEG(Project implementation
Decommissioning)
[Initial value = 0]

INTEG(LFGE project plannifiyoject
implementation)
[Initial value = 0]

DelayFixed(Change in policy 1, Tim
to implement policy, LFG collection
requirement in initial year)

dollar/MWh

MJ/tCH4

Month/Year
MJ/MWh

Project

Dmnl

UNFCCC
(2019)

Cudjoe &
Han (2021),
the LCOE of
LFGE in
South Africa
is 0.076
$/kWh

The
minimum
price for the
electricity
needed to
make the
project
economically
feasible.lt is
assumed that
carbon
revenue
reduces the
minimum
required
price as it
increases the
revenue
from the
project.

1: policy is in
place

0: policy is
not in place
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Policy 2 obliging
buying electricity

Auxiliary

Policy 3 mandating Auxiliary
generation of

electricity from

LFGE

Policy indicator Dmnl

Potential annual Constant

methane generation

Potential credits per Auxiliary
kwWh

Potential LFGE Stock

projects

DelayFixe@Change in policy 1, Time Dmnl
to implement policy, Buying
obligation in initial year)

DelayFixed(Change in policy 1, Tim Dmnl
to implement policy, Electricity
mandate in initial year)
(Policy 1 requirement LFG Dmnl
collection+Policy 3 mandating

generation of electricity from LFG

+Policy 2 obliging buying
electricity+Market formation)/4

15494300 tCO2e/Year

IF THEN ELSE(max annual energy credit/kWh
potential LFGE projects>otential
annual methane generation/max
annual energy potential LFGE
projects)/kWh to MWh
conversion/Emission reductions per
carbon credit0)

INTEGLFGE project planning)
[Initial value = 7]

Project

Calculated
based on
electricity
potential
provided in
Scarlat etal.
(2015)

There might
be a
requirement
to collect the
LFG from
landfills. The
LFG can then
be flared or
used for
electricity
generation.
1: policy is in
place

0: policy is
not in place
1: policy is in
place

0: policy is
not in place
Keeps track
of whether
the four
innovation
specific
institutions
are
implemented
or not.

Switch to
prevent
division by 0
when there is
not

electricity
potential.
Determined
through
experimentat
ion.
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Potential yearly Auxiliary
demandelectricity
from LFGE projects

Pressure needto  Constant
implementbuying
obligation

Pressure needed to Constant
change feedn tariff

Pressure needed to Constant
implement
electricity mandate

Pressure needed to Constant
implement LFG

collection

requirement

Price of carbon Table
credits function

IF THEN ELSE(Grid access (permit:
1, Electricity demand through
national grid + Electricity demand
outside national grid, Electricity
demand outside national grid)

0.8

0.8

0.9

0.6

With Time

([(0,0}
(10,10)],(2005,9.15),(2012,1),(2020,
,(2024,3),(2035,9.5) )

MWhlyear

Dmnl

Dmnl

Dmnl

Dmnl

dollar/credit

Assumption

Assumption

Assumption

Assumption

Loffler et al.
(2024)
Opanda
(2024)

The lobbying
power
required to
pressure the
government
to implement
this policy.
The lobbying
power
required to
pressure the
government
to implement
this policy.
The lobbying
power
required to
pressure the
government
to implement
this policy.
The lobbying
power
required to
pressure the
government
to implement
this policy.
Loffler et al.
(2024) state
that the
carboncredit
price in
March 2024
of LFGE
projects is
$9.50
Additionally,
Opanda
(2024) show
that the
carbon credit

106



Project Flow
implementation

Project lifetime Constant

Purchase price of  Auxiliary
generated electricity
by LFGE project

Ratio length tender Auxiliary
process vs average

delay before start

project

Ratio LFGBemand  Auxiliary
to total electricity

demand

ratio market price to Auxiliary
price electricity from
LFGE

Ratio operational  Auxiliary
projects
Saturation LFGE Auxiliary
projects

Share collected LFC Auxiliary
to electricity

Pending LFGE projects * Productior project/Year
system / Construction time

20 Year

IF THEN ELSE("Feegrice">0, dollar/kwWh
"Feedin price" ,Wholsesaleprice of
electricity from LFGE (dollar/MWh))

Average time to prepare paperwork Dmnl
before starting a project/ Average
length tender process

IF THEN ELSE(Total electricity Dmnl
demand > 0, Yearly demand

electricity from LFGE/Total electricit
demand, 0)

Wholesaleprice of electricity from Dmnl
LFGE (dollar/MWh)/Purchase price
generated electricity by LFGE projet

Operational LFGE projects/Total Dmnl
landfills

Totaloperational & decommissioned Dmnl
projects/Total landfills

IF THEN ELSE(Policy 3 mandating Dmnl
generation of electricity from LFG=1
Share LFG to electricity wiBolicy 3,

IF THEN ELSE(Policy 1 requiremen

LFG collection

=1, Share LFG to electricity with

Policy 1, Share collected LFG to
electricity without any policy ) )

pricesof
biogas
projects
ranges from
$1 to $20+.
These values
are used
during
experimentat
ion.

Only the
projects for
which the
resources are
available are
implemented

KPI

Equal to
entrepreneur
ial activity.

If there is no
policy
implemented
, the amount
of LFGto
electricity is
considered
to be lower
than when
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Share LFG collectec Constant

to electricity with

Policy 1

Share LFG collectec Constant

to electricity

without any policy

Share LFG to
electricity with
Policy 3

Time bureaucratic

process

Time to implement

policy

Total electricity

demand

Constant

Auxiliary

Constant

Auxiliary

Policy 1 is
implemented
Ctis
assumed that
Policy 1 will
increase the
share of LFG
to electricity
because it
will reduce
the number
of carbon
credits that
can be
generated
with flaring.
When Policy
3is
implemented
, the share of
electricity to

LFG is
assumed to
be 1.

0.25 Dmnl Assumption

05 Dmnl Assumption

1 Dmnl Assumption

MAX(Average time to prepare Year

paperwork before starting a project,

Average length tender

process)/months per year

2 Year Assumption | It takes time
to implement
a policy,
which is
accounted
for by this
variable.

Electricity demand through national MWh/Year
grid + Electricity demand outside
national grid
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Total emission Auxiliary
reductions per year

Total annual income Stock

Total landfills Constant

Total operational & Auxiliary
decommissioned
projects

Yearly demand Auxiliary
electricity from
LFGE

TJ to MWh Constant
conversion

Total revenue Stock
generated by the

projects

Time to change Auxiliary
feedHin

Methane usedor electricity * GWP  tCO2e/project

methane+ emission reduction from  /year
electricity replacement

INTEG(Annual income from dollar
generated by project+Annual carbor
income)

[Initial value = 0]

Potential LFGE projects + Pending Project
LFGE projects + Operational LFGE

projects + Decommissioned LFGE

projects

OperationalL FGE projects + Project
Decommissioned projects

IF THEN ELSE(Policy 2 obliging buy MWh/year
electricity=1, Potential yearly

demandelectricity from LFGE

projects, Potential yearly demand

electricity from LFGE projects

*Effect ratio electricity prices on new
customers)

277.778 MWh/TJ

INTEG(Annual carbon income+Anni
income from electricity)
[Initial value = 0]

0.01 Year

E2 Implementation submodel Zunding
Figure36 shows the model implementation of the second submodel in Vensim, whdiaale15 shows

the implementation of the submodel describing thending processes of LFGE projects.

LFGE project:
that are
implemented
or have been
implemented
within a
country
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Operational cost

one project
FGE Investment
T - R Yearly
o \e::éio}n A investment “# period
s Yearly costs LFGE costs e~
T projects ending LFGE
’/ proje
Initial availabl .
" ;;rL;GF_e Spending rate Investment cotsls
fund: one projec
Total anoual projects projects
Total annual
Proportion e
d i . .

°:;°;‘:::;‘r-‘:°5 A‘El}l‘aﬁbil! l’undst for L Total funds spent on Initial total funds

v F"’J“ s ual funds spent on LEGE LFGE projects spent on II-FGE

projects projects
1 ‘
Share of investment max rate resources to be
covered by mlemauanal extracted
organisations rate operational \d
D " costs to be kept in
omestc
investment in International stock
LFGE  ~Yearly investment = investmentin
Expected cost per } st LFGE max annual
proy .'E‘pecte value domestic LR to MTH Elutfmq max a
investment . potential one ¥~
onversion project

Risk on investment

1t
———» Expected revenue per
project

(domestic) :f‘j -
fu Expected value - FEwpectedcostper - gect
performance quality> Market risk intemational investment project
\ Policy risk \ / Corruption
\_/' o it
(international)
Figure36. Model implementation of submodelR2inding
Tablel5. Values and equatiorsubmodel ZResources
Variable Variable Value Unit Source Comments
type
Annual funds spenton Flow MIN(Available funds for LFGE  dollar/Year
LFGE projects projects * Spending rate projects
Available funds for LFGE
projects*max rate resources to
be extracted)
Availablefunds for LFGE Stock INTEG(Funds becoming availab dollar
projects (investment}Annual funds spent
on LFGE projects)
[Initial value = 0]
Corruption Table With Time Dmnl World Bank Corruption
Function ([(0,0} (2024) Perception Index

(10,10)],(2005,0.43),(2012,0.43)
2013,0.42),(2014,0.44),(2015,0.
4),(2016,0.45),(2017,0.43),(201¢
0.43),(2019,0.44),(2020,0.44),(2

divided by 100 to
get to a value
between 0 and 1.
0 means the
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21,0.44),(2022,0.43),(2023,0.41 country is highly

2035,0.44)) corrupt, while 1
means the
country is very
clean.

Domestic investment in  Auxiliary IF THEN ELSE(Expected value dollar/Year
LFGE domestic investment > 0, Yearly

investment costs * Resource
mobilisation (domestic) *
Proportion domestic resources ti
investment, 0)

Expected costs per Auxiliary Investment cost one project +  dollar/proje
project Operational costs one project *  ct

project lifetime
Expected revenue per = Auxiliary Max electricity potential one dollar/proje
project project*Purchase price of ct

generated electricity by LFGE
projects HMax electricity
potential one project carbon
revenue per kWh * kWh to MWh
conversion)*Project lifetime

Expected value Auxiliary (Expected revenue per project  dollar/proje h QwS 3 |
domestic investment Expected cost per project)*{1 ct andMoles
Risk on investment (domestic)) (2006)
Expected value Auxiliary (Expected revenue per project  dollar/proje h QwS 3 |
international Expected cost per project)*{1 ct and Moles
investment Risk on investment (2006)
(international))
Funds becoming Flow Domestic investment in dollar/Year
available (investment) LFGE+International investment i
LFGE+Total annual income
International Auxiliary IF THEN ELSE(Expected value dollar/Year
investment in LFGE international investment>0,

Yearly investment costs*Share ¢
investment covered by
international organisations,0),0

Investment costs one = Constant 19090000 dollar/proje =~ Godlove &
project ct Singleton
(2010)
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Investment period

Market risk

Max electricity
potential one project
Max rate resources to
be extracted

Operational costs one
project

Palicy risk
Proportion domestic
resources to investment

Rate operational costss
to be kept in stock

Risk on investment
(domestic)

Risk on investment
LFGE (international)

Share of investment
covered by
international
organisations
Spending rate

Technological risk

Theoreatical profit from
LFGE projects

Constant

Auxiliary
Auxiliary

Auxiliary

Constant

Auxiliary
Auxiliary

Auxiliary

Auxiliary

Auxiliary

Constant

Auxiliary

Auxiliary
Auxiliary

1

1-Market formation

Max annual electricitpotential
LFGE projects/total landfills

IF THEN ELSE(rate operational
costs to be kept istock<0,0, rate
operational costs to be kept in

stock)

1620000

1-Institutional fit LFGE projects

0.5

IF THEN ELSE(Available funds
LFGE projects >0;Ylearly
operational costs/Available fund:
for LFGE projects, 0)

(Market risk + Policy risk +
Technological risk)/3

(Market risk + Policy risk +
Technological risk+(1

Corruption))/4
0.3

IF THENELSE(Available funds fo
LFGE projects>0, IF THEN ELS
Yearly costs LFGE
projects/Available funds for LFG
projects<1, Yearly costs LFGE
projects/Available funds for LFG

projects , 1), 0)

1-Productperformance/quality

Total income generated by the
project- Total funds spend on

the LFGE project

Year Assumption

Dmnl
MWh/Year

1/Year

Godlove &
Singleton
(2010)

dollar/proje
ct/year

Dmnl
Dmnl Assumption

1/Year

Dmnl

Dmnl

Dmnl Assumption

llyear

Dmnl
dollar

The period over
which the
investment is
made

Makes sure there
are enough
resources left to
cover the
operational costs
of the existing
projects

The other half will
go to knowledge
development and
diffusion
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Total funds spent on Stock
LFGE projects

Yearly costs LFGE Auxiliary
projects

Yearly investment costs Auxiliary

INTEG(Annual funds spent on  dollar
LFGHprojects)
[Initial value = 0]

Yearly investment costs + Yearlh dollar/year
operational costs

Investment costs one project * | dollar/year

Pending projects / Investment
period

Yearly operational cost Auxiliary Operational costs one project *  dollar/year

Operational LFGE projects

E 3 Implementationsubmodel 3: AggregatedS model

Figure37 shows the model implementation of the aggregated TIS model. The building blocks regarding
the demand and the purchase price of electricity from Ll the market formation functioare not
directly included in this submodel as they oaffect variables within the institutional alignment

submodel.

Knowledge P
Average time to evelopmet \
create formal effect knowledge .
legitimacy Knowledge on product Performance/quality Time to

diffusion performance increase increase
— / performance
Prod: Time to create informal
C Initial 5 Initial product legitimacy
: f performance/quality | performance/qualit
& Change in formal ormal v
Initial e - legitimacy b
knowledge legitimacy = -
diffusion
/ o, Informal

Effect product e in i legitimacy
Knowledge pezfxmmnpr cem on Cha?sémf‘ml
Changs in diffusion legitimacy N : Initial
knowledge  Effect informal
diffusion . institutional fit on legitimacy
Time to diffase <Institutional fit formal
knowledge Time to build LFGE projects> legitimacy
n;}wm’ks
Effect networks on \ i
P time to develop and o \;‘:’:ﬂ lfn:ul . ?5&);!1;-: lr::.e
/ networks complementary ¥
Proportion Changs in diffuse knowledge oducts and services products and services
resourees to knowledge knowledge
knowledge development Initial -
opm knowledge ;i 1
development <Saturation LFGE C Y ¥ -
- v
y projets> e Complementary
Time to develop services products and”
knowledge Initial network services building
Resource g‘w'm‘dgmi
mobilisation Initial Averspe fime o . . Development
“l_ilgsa'\}rcemt. - e tesource develop knowldge Tlnllz to h;nld Gap complementary M >
e mobilisation pr Dmfcf;"sg“!:s[m products and services / electricity grid

Y

Indicator complementary
(Time to translate Y

Initial .
GoS$S to resource production ————CO products and services
mobilisation system Production
system building /‘
Time to develop Development I Efficiency waste
expectations of expectations Initial snagenwst
el Guidance of Product st Production system system
Search uction system _,_ t100 Sy
pE:ffeck product Ratio resoutees indicator difference
erformance on - source:
GoS Effect entrepreneurial mvested lidr‘fw‘m's
» activity on Go$ TequIrsc for
<Product <Tnstitutional p;r'oductcon system
slaiial
performance/quality> fit LFGE \ . -
projects> for LEGE LFGE projects
<Saturation LFGE )
projects>

Figure37. Model implementation submodel 3 Aggregated TIS model

Tablel6 presents the values and equations used to convert the conceptualisation into a running model.
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Tablel6. Values and equations submodeRAggregated TIS model

Variable Variable type Value

Adaptive capacity Constant 0.5

Adjustment time Constant 1

complementary

products and services

Average time to create Constant 1

formal legitimacy

Average time to Constant 0.25

develop knowledge

Average time to diffuse Auxiliary 0.25

knowledge

Change in formal Flow (2-Formal

legitimacy legitimacy)*((Knowledge
development*Knowledge
diffusion*Effect product
performance on
legitimacy*'Network
formation &
coordination”
*Production
system*Complementary
products and
services+Institutional fit
LFGE
projects)/2)/Average
time to createformal
legitimacy

Change in informal Flow (2-Informal legitimacy)

legitimacy

*(Effect product
performance on
legitimacy+Effect
institutional fit on
informal
legitimacy)/2/Time to
create informal
legitimacy

Unit Source
Dmnl Assumption
Year Assumption
Year Walrave &
Raven
(2020)
Year Walrave &
Raven
(2020)
Year Walrave&
Raven
(2020)
1/Year

1/Year

Comments

This function is not
modelled as a stock
flow structure to
reduce the complexity
of the model

The incomplete
building block
institutional fit does
not act as a full barriel
to LFG projects as the
policies are not
essential for the
implementation of
LFGE projects, but
they do provide an
additional incentive.
Therefore, its effect is
not modelled as
multiplicative, like the
effect of the other
building blocks and
functions.
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Change in knowledge
development

Change in knowledge
diffusion

Complementary
products and services

Complementary
products and services
building

Development national
electricity grid

Development of
expectations

Flow

Flow

Stock

Flow

Table
function

Flow

(1-Knowledge
development)*Resource
mobilisation
(domestic)*Adaptive
capacityProportion
resources to
knowledgé2)/Time to
develop knowledge
(3-Knowledge
diffusion)*'Resource
mobilisation
(domestic)"*Knowledge
developmenti{Proportio
n resources to
knowledgé2)/Average
time to diffuse
knowledge
INTEG(Complementary
products and services
building)

[Initial value = 0]

Gap complementary
products and
services/Adjustment time
complementary products
and services

With Time

(10,0}
(10,10)],(2005,0.808),(2C
06,0.807),(2007,0.82), (2!
08,0.819),(2009,0.826),(:
010,0.828),(2011,0.836),
2012,0.852),(2013,0.852
,(2014,0.859),(2015,0.85
3),(2016,0.839),(2017,0.¢
44),(2018,0.847),(2019,0
85),(2020,0.9),(2021,0.8¢
3),(2022,0.865),(2035,0.
))

(1-Guidance of
Search)*((Knowledge
development*Knowledge
diffusion*Effect product
performance on GoS*
Effect entrepreneurial
activity on GoS
*'Network formation &

1/Year Adapted
from
Walrave &
Raven

(2020)

1/Year Adapted
from
Walrave &
Raven

(2020)

Dmnl

1/Year

World Bank
(2023)

Dmnl

1/Year
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Effect entrepreneurial
activity on GoS

Table
function

Effect institutional fit on Table

informal legitimacy

effect knowledge on
product performance

function

Table
function

coordination"+Institution
al fit LFGE
projects)/2)/Time to
develop expectations

With "Saturation LFGE  Dmnl
projects"

([(0,0}
(2,2)],(0,0),(0.274566,0.C
967742),(0.407514,0.24¢
968),(0.601156,0.60483¢
),(0.760116,0.923387),(C
8,1),(1,1))

With "Institutional fit Dmnl

LFGHprojects”

(1(0,0}
(4.17848,2.91276)],(0,0),
0.25,0.0722433),(0.5,0.6
,(0.75,0.95),(1,1) )

With "Knowledge
development *
Knowledge diffusion”
([(0,0}
(1,1)],(0,0),(0.2,0.8),(1,1)
)

Sshaped growth
assumed.

It is assumed that
when there is only
one policy the
informal legitimacy is
still low, but this
grows rapidly once
there is 2 or 3 of the
policies implemented.
Finally, it is expected
that the effect of
implementing the 4th
policy is not that great
anymore This is
different from the
effect on formal
legitimacy, as it is
expected that formal
legitimacy if affected
in a linear way by the
institutional fit.

80/20 rule used. 80%
of the performance is
caused by 20% of the
knowledge, the last
20% of the
performance is cause
by the last 80% of the
knowledge
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Effect networks on time
to develop and diffuse
knowledge

Effect product
performance on GoS

Effect product
performance on
legitimacy

Efficiency waste
management system

Formal legitimacy

Gap complementary
products andservices

Guidance of Search

Indicator
complementary
products and services

Informal legitimacy

Table
function

Table
function

Table
function

Auxiliary

Stock

Auxiliary

Stock

Auxiliary

Stock

With "Network formation Dmnl
& coordination"

(1(0,0}
(2,1)],(0,1),(0.242775,0.€
27757),(0.67052,0.1711(
3),(1,0.1))

With "Product
performance/quality”
([(0,0}
(10,10)],(0,0),(0.196532,!
.0494297),(0.398844,0.1
00806),(0.8,1),(1,1) )
With "Product
perforamnce/quality”
(1(0,0}
(4.17848,2.91276)],(0,0),
0.25,0.0722433),(0.5,0.6
,(0.75,0.95),(1,1) )
0.5562

Dmnl

Dmnl

Dmnl

INTEG(Change in formal Dmnl
legitimacy)

[Initial value = 0]

Indicator complementary Dmnl
products and services
Complementary products
and services
INTEG(Development of
expectations)

[Initial value = 0]
Efficiency waste
management system
*Development national
electricity grid
INTEG(Change in
informal legitimacy)
[Initial value = 0]

Dmnl

Dmnl

Dmnl

Yale Center
for
Environmen
tal Law &
Policy
(2022)

More networks result
in the knowledge
development and
diffusion processes
being faster. Shaped
growth is assumed for
the effect of
networks.

Sshaped growth
assumed.

Based on the
controlled solid waste
indicator, which
indicates the
percentage of waste
ending up in landfills
(and therefore not on
the streets)
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Knowledge
development

Knowledge diffusion

Network formation &
coordination

New networks

Performance/quality
increase

Product
performance/quality

Production system

Stock

Stock

Stock

Flow

Flow

Stock

Stock

INTEG(Change in Dmnl
knowledgedevelopment)
[Initial value = 0]

INTEG(Change in Dmnl
knowledge diffusion)
[Initial value = 0]

INTEG(New networks)  Dmnl
[Initial value = 0]

(1-"Network formation & Dmnl/Year

coordination")*((Saturati
on LFGE projects+Formz
legitimacy)/2)/Time to
build networks
(1-"Product
performance/quality™)*ef
fect knowledge on
product
performance/Time to
increaseperformance
INTEG(Performance/qua Dmnl
ty increase)

[Initial value = 0]
INTEG(Production systelr Dmnl
building)

[Initial value = 0]

Dmnl/Year

Adapted
from
Walrave &
Raven
(2020)
Adapted
from
Walrave &
Raven
(2020)

At first it is easy to
form new networks
because there are not
a lot of different actor
networks. However,
since there are not a
lot of different actors
involved, it remains
difficult to form new
networks. Once the
number of actors
increases, it becomes
increasingly easy to
develop new
networks, until almost
all actor groups are
represented. Then it ig
difficult again to form
a new network.
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Production system Flow Production system Dmnl/Year

building difference/Time to build
elements production
system
Production system Auxiliary Production system Dmnl
difference indicator-Production
system
Production system Auxiliary IF THEN ELSE(Ratio Dmnl
indicator resourcegnvested to

resources required for
production system>1, 1,
Ratio resources invested
to resources required for
production system)

Proportion resources to Auxiliary 1-Proportion domestic  Dmnl The other halfyoes to
knowledge resources to investment investment

Ratio resources Auxiliary IF THEN ELSE(Yearly cc Dmnl

invested to resources LFGE projects>0,

required for production (Available funds for LFGI

system projects*max rate

resources to be
extracted)/Yearly costs
LFGE projects , 1)

Resource mobilisation = Stock INTEG(Resource Dmnl Adapted
(domestic) mobilisation rate) from
[Initial value = 0] Walrave &
Raven
(2020)
Resource mobilisation = Flow (1-"Resource 1/Year Walrave &
rate mobilisation Raven
(domestic)")*Guidance o (2020)

Search/Time to translate
GoS to resource

mobilisation
Time to build elements Constant 1 Year Assumption
production system
Time to build networks Constant 1 Year Assumption
Time to create informal Constant 0.25 Year Assumption Assumed to be as fas
legitimacy as formal legitimacy
creation
Time to develop Constant 0.25 Year Walrave &
expectations Raven

(2020)

119



Time to develop Auxiliary Averagédime to develop = Year

knowledge

Time to diffuse

knowledge * effect
networks on time to
develop and diffuse
knowledge
Auxiliary Average time to diffuse = Year

knowledge knowledge * effect

networks on time to

develop and diffuse

knowledge
Time to increase Constant 1 Year Assumption
performance
Time to translate GoS  Constant 0.5 Year Walrave &
to resource Raven
mobilisation (2020)

E.4 Main model assumptions
As with any model, the one developed in this research relies not only on factual dedsbwtn certain
assumptionsThe main assumptiorare as follows:

T
1

All TIS functions and building blocks that are modelled generally fall8shaped growth curve.
No new potential projects are created during the simulation runs.flith@otential of LFGE is
met when all initial potential projects are converted into LFGE projects.

Funding is not considered during the planning phase, but only was a project is pending to be
installed funding will be soughilevertheless, economic viability is considered during the
planning phase through the market formatiéumction.

Lobbyingwill eventually result in innovatiespecific institutions being implemented.
Additionally, lobbying is the only way to get these policies installed during a simulation run.
The amount of waste generatethd theelectricity demandare constant ovea simulation run.
Larger landfills or welperforming landfills will compensate for smaller or badly performing
landfillsresulting in aconsistent average electricity potential across all landfills.

All landfills are large enougind managed well enougb be able to meet thaverage

electricity potential.This means that onlghe larger landfills are considereahd the smaller
landfills in a country are not considered in the madel

International organisations will only cover a share of the costs of LFGE projects. The larger share
is covered by domestic investment.

Domestic investment cannot cover the full costs of LFGE projects bedannastic resources

are divided between knowledge development and diffusion, and project funding.

Both informal and formal legitimacy do not play a role in the formation of demand in the LFGE
case adt is expected that every population wants to increase their access to electAsity.
electricity distributors follow the demand of the population they servérmal and formal
legitimacy do not impact the demand.

There is no inflation. The value of money does not change over time.

The interest ratas very low,and therefore no discounting has to be considered.
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Appendix FExtreme conditions tests

The results of the extremeonditionstests ae provided in thisppendix. The conclusion drawn from

these results are presented Bection7.3.2.3

F.1 No investment

Saturation LFGE projects
0.8
0.6
E 04 Vi
r"llr.'r
0.2 S
e ——/.J‘-——
T

Time (Year)

no_investment —— baserun

Figure38. Extreme conditions test no investment

0
2006 2008 2010 2012 2014 2016 2018 2020 2022 2024 2026 2028 2030 2032 2034
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F.2Policyimplementation

0.8

0.6

Dmnl

Saturation LFGE projects

0.4

0.2

0
2006 2008 2010 2012 2014 2016 2018 2020 2022 2024 2026 2028 2030 2032 2034

Time (Year)

no_policies ——  basenun

Figure39. Extreme conditions test no policy implementation

Dl

0.8

0.6

04

0.2

Saturation LFGE projects

0 __
2006 2008 2010 2012 2014 2016 2018 2020 2022 2024 2026 2028 2030 2032 2034

Time (Year)
baserun

all policies

Figure40. Extreme conditions test all policies implemented
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F.3Costsof LFGE projects

Saturation LFGE projects
0.8
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Time (Year)
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Figure4l. Effect high costs on saturation of LFGE projects

Saturation LFGE projects
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Figure42. Effect low costs on saturation of LFGE projects
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Domestic investment in LFGE

150 M
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dollar/Year
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Figure43. Effect high costs on domestic investment

International investment in LFGE
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Figure44. Effect high costs on international investment
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F.4 No electricity demand
Saturation LFGE projects
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Figure45. Extreme conditions test no electricity demand

F.5 Waste management
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Figure46. Extreme conditions test waste management
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Appendix G. Behavioural sensitivity test
This appendix shows the sensitivity graphs of the parameterséisaited in the model showing

sensitivity.
G.1 Results univariate sensitivity tests

sensitivity_additionality_threshold 93% sensitivity _paperwork — 95%
50% — 100% 50% —  100%
— 75% — 7%
Saturation LFGE projects Saturation LFGE projects
1 1
Eos /_/ E 05
a} a)
0 0
200620082010201220142016201820202022202420262028203020322034 2005 2010 2015 2020 2025 2030 2035
Time (Year) Time (Year)

Figure47. Sensitivity graph time to prepare paperwork

Figure48. Sensitivity graph Average length tender process
before starting the project

itivi i i RN 0
sensitivity additionality threshold 959% 53”;51“‘ ity_consiruction_time 95 /g
50% — 100% 50% —— 100%
— 5% — T5%
Saturation LFGE projects Saturation LFGE projects
1 1
£ 05
g0 /—/ a
0 0
200620082010201220142016201820202022202420262028 203020322034 200620082010201220142016201820202022202420262028203020322034
Time (Year)

Time (Year)

Figure49. Sensitivity threshold additionality threshold Figure50. Sensitivity graph construction time

sensitivity waste management — 95%
50% — 100%
— 75%

Saturation LFGE projects

0
200620082010201220142016201820202022202420262028203020322034
Time (Year)

Dmnl

Figure51. Sensitivity graph waste management
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G.2 Results multivariate sensitivity tests

sensitivity_investment — 95%
50% — 100%
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Figure52. Sensitivity graph multivariate analysis of pressul  Figure53. Sensitivity graph multivariate analysis of
share domestic and international investment

all policies
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Appendix H. Experimental design

This appendi presents the experimental desigmployed during the model use phadeéhe values used

in the experiments are included Tablel7 andthe Figures belowin total,41 scenarios were tested.

The scenarios are shownTablel8. Worst casevaluesare depicted irred, while the best case values

are depicted in greerand base case values alepicted in yellowTo test the effect of the carbon credit
system on the diffusion of LFGE projects, not only experiments are conducted with the carbon price, but
also with the additionality threshold as this varialietermines the duration of the carbon revenue
stream.Note that for the initial policies and the feed the worst case value is equal to the base case
value.

Tablel7. Values used in experiments

Parameter Unit Worst case Base case  Best case Special case |
Waste management Dmnl 0.1 0.5562 0.99%

Grid access Dmnl 0 0 1

Length oftender process Months 0 12 36

Initial policy 1 Dmnl 0 0 1

Initial policy 2 Dmnl 0 0 1

Initial policy 3 Dmnl 0 0 1

Initial feedtin tariff $/MWh 0 0 82 60
Pressure required to Dmnl 0.6 0.6 0.5

implement policy 1

Pressure required to Dmnl 0.8 0.8 0.5

implement policy 2

Pressure required to Dmnl 0.9 0.9 0.5

implement policy 3

Pressure required to Dmnl 0.8 0.8 0.5

implement feedin tariff

Additionality threshold Dmnl 0.5 0.7

1. Values corresponds to Eritrea value
2.Valuecorresponds to Mauritius value
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Figure54. Input values scenarios table functions.

Upper left: Wholesale price of electricity, Upper right: Carbon credits

—— baserun
—— worst case value
—— best case value

—— baserun
—— worst case value
—— best case value

Lower left: Corruption, Lower right: Development natiaiacttricity grid

dmnl

$fcredit

Price of carbon credits

—— baserun
—— worst case value
—— best case value

T
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T
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T
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T
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T
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Tablel8. Experimental design
Worst case values are depicted in red, whetsest case values are depicted in green and base case values in $eliogr.
experiments use a value that lies in between the worst case and best case, which differs from the base case. These values are
depicted in blue.

WM
system

Grid
access

Length
of
tender
process

Wholesale
price
($/kwh)

Price
of
carbon
credits

Corruption

Development
national grid

P1-
Initial

P2-
Initial

P3-
Initial

Feed
in -
Initial

P1-
Pressure

P2-
Pressure

Pa-
Pressure

Feedin -
Pressure

Add.
threshold

O|O(N[O|O|D|W|IN|F-
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Appendix IAdditional model results

This @pendix shows additionahodelresultsin case of a low wholesalprice of electricityAdditionally,
it providesfigures that allows focompaison of the barriers.

Appendix |.Effect barriers in case of low wholesale price

Saturation LFGE projects

1.0 4 —— High efficiency waste management system + low wholesale price
—— Grid access + low wholesale price
—— No tender process (private ownership) + low wholesale price
0.8 1 —— High carbon credit price + low wholesale price
—— Low corruption + low wholesale price
—— High development national grid + low wholesale price
0.6 1 Baserun
Y SRR N RLLLE Low wholesale price of electricity
g
0.4 4
0.2
0.0 1
20b5 20&0 2615 2620 2055 2050 2055

year
Figure55. Effect best case barriers in case of low wholesale.price

Saturation LFGE projects

104 —— Initial p3 = 1 + low wholesale price
—— Feed in $82 + low wholesale price
—— initial p2 = 1 + low wholesale price
0.8 1 —— initial p1 = 1 + low wholesale price
Baserun
----- Low wholesale price of electricity
0.6 1
=
£
=l
0.4 4
0.2
004 ==
T T T T T T T
2005 2010 2015 2020 2025 2030 2035
year

Figure56. Effect policies in case of low wholesale price
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Saturation LFGE projects

—-—- Baserun
—— low wholesale price
—— no feed-in, low wholesale price, efficiency waste management = basecase + best case other barriers

0.7 1
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0.5 1

0.4 1

dmnl

0.3 1

0.2 1

0.19

0.0 1

T T T T T T T
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year

Figure57. Effect best case barriers in case of low market price, inadequaterféadff, and base case values for waste
management

Appendix l.Zomparison barrielig base case
Saturation LFGE projects

1.0 4 —— High efficiency waste management
—— Grid access = 1
—— Private ownership of landfills
0.8 1 —— Best case wholesale price of electricity
—— Best case carbon credit price
—— Low corruption
0.6 - —— Well-developed electricity grid
_ —-—- Baserun
=
3
0.4 4
0.2
0.0 1

T T T T T T T
2005 2010 2015 2020 2025 2030 2035
year

Figure58. Best cases dfarriers compared to the base case
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Saturation LFGE projects
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Figure59. Worst cases barriers compared to base case

Figure60. Best cases of policies in initial year compared to the base case

Low efficiency waste management

Mo grid access

Long tender process

Worst case wholesale price of electricity
Worst case carbon credit price

High corruption

Poor-developed electricity grid

Baserun
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