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Abstract

Providing the rural poor with access to moderergp services is a major challenge in developing
countries striving for economic growth, social depenent and environmental integrity. Socially,
developing countries suffer from higher poverty levattompanied by greater inequality, faster-
growing populations, more unsolved health issaesl lower educationdkevels than developed

countries. Economically, they struggle with a laygehtrained workforce and a lack of public and
private financial resources. Environmentally,veleping countries have to juggle new industrial
development with environmental precaution. mdajor environmental threat is climate change.
Developing countries are often disproportionatdfeced by it, which poses challenges in terms of
adaptation and mitigation. In an attempt to addiiesse challenges in a contezt international effort,

the United Nations defined the Millennium Déwement Goals (MDGs) in 2001. Currently the

follow-up goals, the so called Sustainablev&lepment Goals (SDGs), are under discussion.

An important lever to address the MDGs andG38Dis the provision of (renewable energy-based)
electricity to a wider population. As of today, more than 1 billion people worldwide still lack access to
electricity. Most of them are poor and live in Huaaeas in Africa and Asia. Access to electricity is a
prerequisite for industrial progress and an increasaldard of living for thse people. Additionally,

if the electricity is produced by means of reable energies, it contributes to the reduction of, CO

emissions, which is a global concern ie ttontext of mitigating climate change.

Compared to the alternative rural electrificatigpiaches (e.g., solar lanterns, stand-alone systems,
diesel-based village grids and grid extension), wetde energy based village grids (RVGSs) are - in
light of the MDGs and SGDs - the most appropriate solution to provide rural poor with access to
electricity. RVGs are decentralized electricity sys$ which power a rural village with electricity
produced by renewable energy technologies. Tdreyenvironmentally-friendly and allow for social
infrastructure and productive use of electricity, addition to electricity for household purposes.
Despite the advantages of RVGs as a rural elieettion approach, large-scale diffusion of RVGs has
not yet taken place. So far literature has not pexvisufficient and diversified insights on the reasons
for the low diffusion rates. In this thesiafldress this gap by considering the questiahy is the
diffusion of RVGs in developing couttries low and how can it be advanced?for the case of
Indonesia and Laos. The target of the thesis doide insights for practitioners such as investors,
development specialists, and policy makers, as wdlh &mprove existing theory and empirical data

on the diffusion of (renewable energy) technology.

The question is tackled fromrde complementary perspectives: a techno-economic, investor’'s, and
innovation systems perspective. While the techoonomic literature examines how diffusion of
technology depends on relative prices, in the invissfmrspective, individual firms are regarded as
the central drivers of diffusion. Innovation systditerature, alternativelyinderstands diffusion as an



evolutionary process, where different actorsiavelved and decisions depe on additional variables
apart from relative prices. These different perspestsomplement each other and allow for practical

(investor and policy) implications.

This dissertation makes three scientific contributidfisst, as suggested by different scholars, the
thesis applies different concepts and methods. Theréift concepts are reflected in the three applied
perspectives. Depending on the perspectiemploy quantitative or qualitative methods. The second
contribution is in terms of new, empirical dalew data on costs of RVGs and villager’'s willingness-
to-pay in Indonesia is gained. National and nméional revenue sources for owners of RVGs in
Indonesia are introduced and quantified. Additionallyis the first research effort that models a
village’s electricity demand and the needed sumplyan hourly base. The third contribution lies in
enriching theTechnological Innovation System and functitmasnework theoretically by applying the
framework to a new, “extreme” case which sfgaintly differs from analyzed cases. The thesis
thereby contributes to the ongoing debates on the set and definifiemctbns thefunctions’role in

the system, the role of institutions, the rolegafographical aspects, and the derivation of policy

recommendations from®dS and functionanalysis.

From the combined insights of the four papeespnted in this dissertation follows; first, the techno-
economic argument — that RVGs do not diffuse becdlieg are more expeng than alternative
solutions — does not hold true. Second, by combining this insight with the contributions from the
investor’s and innovation systems perspectivéind that a major reason for the low diffusion of
RVGs is their high complexity in technologicalnd non-technological terms. For investors,
development specialists and policy makers, thiplies that managing this complexity is key to
advancing the diffusion of RVGs. Investors, for example, can take measures such as managing
stakeholders and their cultural diversity activelyonder to reduce complexity. However, while some
challenges can be addressed by the investorsther areas policy intervention is required. For
example, policy makers can consider a removatedistribution of fuel and electricity subsidies,
define and implement a stringent rural electrificatsirategy, fulfill a connector and translator role
between their rural population andémational actors and institutignand invest in the country’s

educational system. The thesis then tasies with proposals for future research.



Zusammenfassung

Die armere Landbevdlkerung mit Strom zu versorgenire der grossen Herausforderungen, die sich
Entwicklungslandern momentan stellt. Diese Lamtezben nach Wirtschaftschstum und sozialer
Entwicklung bei kleinstmoglichem gativen Einfluss auf die Umwelt. In sozialer Hinsicht leiden
Entwicklungslénder unter hoher Armut, grossenkBmmensscheren, grossem Bevélkerungswachs-
tum und tiefen Standards im Gesundheits- unduBigsbereich. Aus 6konomischer Sicht sind die
tiefen Ausbildungsniveaus von Arbeitskraften udér Mangel an Offentlichen und privaten
finanziellen Mitteln ein Hindernis. Entwitungslander missen ©konomisches Wachstum und
Umweltfreundlichkeit unter einen Hut bringen. Eigesse Herausforderung beziglich letzterem ist
der Klimawandel. Ublicherweissind Entwicklungslander starketom Klimawandel betroffen als
Industrieldnder, was sie dazu zwingt sich aaasspn und ihren eigenen Klimaeinfluss zu minimieren.
Um die sozialen, wirtschaftlichen und umweltbgenen Herausforderungén Entwicklungslandern
anzugehen, hat die UN im Jahr 2010 die Millenniuntviicklungsziele formuliert. Momentan werden
die Nachfolgeziele (nachhaltige Entwicklungszigknannt) der im 2015 auslaufenden Millennium-

Entwicklungsziele diskutiert.

Ein wichtiger Hebel, um die Millennium- und ndmritigen Entwicklungsziele fir die Landbevdlke-
rung in Entwicklungslandern zu eigchen, ist der Zugang zu Elektitét, welche auf erneuerbaren
Energien basiert. Heute lebt weltweit immer maaehr als 1 Milliarde dieser Landbevdlkerung ohne
Stromzugang, die meisten von ihnen in Asiend Afrika. Fir sie ist Zugang zu Strom die
Voraussetzung fur industrielle und wirtschaftlichatigkeiten und damit auch fur die Verbesserung
inres Lebensstandards. Zusatzlich hat Strom,ddech erneuerbare Energien produziert wird, den
Vorteil, dass er kein COemmitiert. Damit tragt er dazu bei, dass ein Land seinen negativen Klima-

einfluss limitieren kann.

Unter dem Aspekt der Millennium- und nachhaltigemwicklungsziele sind Dorfstromnetze, die auf
erneuerbaren Energien beruhen, die geeignetsthriblogie, um landliche Gebiete mit Elektrizitat zu
versorgen. Zu den weniger geeitgre Alternativen zahlen Solarlaten, Systeme fir den einzelnen
Haushalt, auf Diesel basierende Dorfstromnetoker der Ausbau des nationalen Stromnetzes.
Dorfstromnetze sind dezentrale, kleine Systeme, die ein Dorf mit erneuerbarem Strom versorgen. Sie
sind umweltfreundlich und produziergenigend Strom fir gesellscttiahe und industrielle Bedirf-
nisse sowie fiur Haushalte. Trotz der Vorziige von Danfisnetzen als Elektrifizierungslésung hat ihre
grossflachige Verbreitung noch nicht stattgefund@och in der Literatur wird das Thema nur
unzureichend und zu wenig differenziert beleuchieimeiner Dissertation widme ich mich deswegen
am Beispiel von Indonesien und Laos der Frayéieso ist die Verbreitung von Dorfstromnetzen

in Entwicklungslandern so tief und wie kann sie erhéht werden?Das Ziel der Dissertation ist es,

einerseits Praktikern wie zum Beispiel Investoen, Investoren, Paysen aus dem Bereich der
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Entwicklungszusammenarbeit sowie Politikerinnew UPolitikern einen Einblick in die Problematik
zu ermoglichen, und andererseits bestehemteorien und empirische Daten zum Thema der

Diffusion von erneuerbaren Energie-Technologien zu erweitern.

Die Frage wird aus drei komplementaren Pergpek beleuchtet: einer technologisch-6konomischen
Perspektive, einer Investoren- und einer Innovasgstem-Perspektive. Wahrend die technologisch-
O0konomische Perspektive untersucht, wie diebx&tung einer Technologie von unterschiedlichen
Technologiekosten abhangt, betrachtet die InvestBegapektive die Verbreitung aus Firmensicht. Im
Gegensatz dazu versteht die Innovationssystersgektive die Verbreitung einer Technologie als
evolutiondren Prozess, bei demsehiiedene Akteure involviert undo Entscheidungen nicht nur auf

Grund von Kostenoptimierungen gefallt werden. Digsgbiedenen Perspektiven erganzen sich

gegenseitig und ermdglichentfassfolgerungen fur Praktiker.

Die Dissertation umfasst drei wissenschaftlicleitrage. Erstens, wie von verschiedenen
Wissenschaftlern vorgeschlagen, wendet die rbaterschiedliche Mébden und theoretische
Konzepte an, um die Verbreitung einer Technaogi untersuchen. Die untschiedlichen Konzepte
spiegeln sich in den drei Perspektiven. DieWder Methoden richtet sich nach der jeweiligen
Perspektive, wobei quantitatvund qualitative Forschungsmetieodzur Anwendung kommen. Der
zweite Beitrag liegt in der Beitstellung von neuen, empirisch&uaten: Daten fir die Kosten von
Dorfstromnetzen sowie Daten lber die Zahlungsitschaft von Dorfbewohnern. Zusatzlich wurden
nationale und intern@nale Einkommensquellen fir Dorfstragtzbetreiber identifiziert und
quantifiziert. Weiter wurden zum ersten Mal @&omnachfrage und Stromproduktion in einem Dorf
stundengenau simuliert. Der dritte wissenschaftliBeitrag der Dissertation bezieht sich auf die
konzeptionelle Weiterentwicklung d&gchnological Innovation System and functi&msnzepts. Dies
geschieht, indem das Konzept auf einen neuentrémen” Fall, der sich stark von bisherigen
Anwendungsbeispielen unterscheidet, angewendet. Wirel Schlussfolgerungen daraus tragen zur
aktuellen theoretischen Debatte Uldax Auswahl und die Definitionen déunctions ihre Rolle im
System, die Rolle von Institutionen und geographeén Aspekten, sowieur Verbesserung der aus
einer Technological Innovation System and functidémalyse abgeleiteten Empfehlungen fir

Politikerinnen und Politiker bei.

Aus den kombinierten Erkenntnissen der vier in dieser Dissertation prasentierten wissenschaftlichen
Artikeln kann man Folgendes fur die Praxshliessen: Erstens, das technologisch-6konomische
Argument — dass Dorfstromnetze sich nicht verbreitail, sie teurer als alternative Losungen sind —
bestétigt sich nicht. Indem man in einerachsten Schritt die Erkenntnisse der Investoren- und
Innovationssystemperspektiven einbezieht, findemh tmeraus, dass ein Hauptgrund fiir die schlechte
Verbreitung von Dorfstromnetzen ihre hohe tecbgische und nicht-technologische Komplexitat ist.

Fur Investorinnen, Investoren, Personen aus @ereich der Entwicklungszusammenarbeit sowie

Politikerinnen und Politiker bedeutet dies, dass die Bewaltigung dieser Komplexitat der Schltissel zur
Vi



Verbreitung von Dorfstromnetzen ist. Investorinnend Investoren beispielsweise kdnnen durch die
aktive Kommunikation mit den verschiedenen Ak#n — unter Berlcksichtigung der kulturellen
Hintergrinde — die Komplexitat der Problemeugieren. Wéhrend gesge Herausforderungen von
Investorinnen und Investoren selbst bewaltigt welkiimmen, braucht es in anderen Bereichen regula-
torische Anderungen. So konnen politische Entskirajstragerinnen und -trager die Komplexitat
reduzieren, indem sie Diesel- und Stromsubventiometfiernen oder umverteilen, eine stringente
Elektrifizierungsstrategie definieren und implerieren, zwischen ihrer Bevélkerung und internatio-
nalen Akteuren als Bindeglied und Ubersetzer titigl und indem sie das Bildungssystem ausbauen.

Die Dissertation endet mit Vorsclgién fur weiterfihrende Forschung.
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1 Introduction

Providing the rural poor with access to moderergp services is a major challenge in developing
countrie$ striving for economic growth, social developnt and environmental integrity. Renewable
energy based-village grids (RVGsjre an appropriate means of accomplishing this goal (Kanagawa
and Nakata, 2007; Takada and Q&sr2007; Legros et al., 2009; Cook, 2011). A RVG is defined as
an isolated, small (sizes vary between 5kW &00kW) grid which powers a rural village with
renewable energy-based electricity (ESMAP, 2007; Bardouille et al., 2012). Despite the applicability,
the diffusion rate of RVGs is ¥ and only picking ugslowly. This dissertation provides insights into
the reasons for this paradox by taking three pets@s: a techno-economic, an investor’'s, and an
innovation systems perspective. Understandirg cdauses behind the slow diffusion of RVGs is
valuable for international and natial policy makers, development speistal and investors, and at the
same time it can contribute to furthering theogaghe innovation and diffusion of renewable energy-
based technologies. In this introduction, depilg countries’ challenges in terms of rural
electrification along with different rural electdfition approaches (among them RVGSs) are discussed,

and the research question is derived.

Social, economic and environmental chenges specific to developing countries

Developing countries have to address manifoldnentc, social and environmental challenges to
improve livelihoods and catch up witteveloped countries. Socidllydeveloping countries suffer
from higher poverty levels accompanied by greateguaéty (e.g. measured by the GINI coefficient),
faster-growing populations, more unsolved healkngés and lower educational levels than developed
countries. Economically (often measured by the GDP), they struggle with a largely untrained
workforce and a lack of public financial resowscé’rivate investors also generally refrain from

investing in developing countries due to higher inmestt risks and weak institutional structures (The

Y In this frame chapter | use the ternesuntries in transition, developing damleveloped countries based on the World
Economic Situation and Prospects’ sddication, which is based on the ctigs’ economic situation (WESP, 2012).
However, countries can be classified in many different vaéysg different indicators. While the World Bank refers to low-
income, lower-middle-income, upper-middle-income, higheome economies, and high-income OECD members
according to the country’s Gross National Income (GNI, wieighals the GDP in developing countries) per capita per year
(The World Bank, 2013c), the United Nations classifies veryr gountries with respect their HDI as least developed
countries (UN-OHRLLS, 2013).

2 RVGs are decentralized systems which power a village eétttricity produced by renewable energy technologies. There
also exist such systems powered by diesel. In this case | refimmicas diesel-based village grids. While RVGs are the focus
of this dissertation, | occamsially refer to theliesel-based solution as a reference.

3 An indicator that incorporates econonais well as social aspedssthe Human Development Index (HDI (Perkins et al.,
2013; UNDP, 2013d)).



World Bank, 2013a; Transparency Internationall 0 Environmentally, developing countries have
to juggle new industrial development with environtaprecaution. Issues such as resource depletion
and waste management are pressing. Additiondélyeloping countries are often disproportionately
affected by climate change compared to davielg countries, which poses challenges in terms of

adaptation and mitigation.

In an attempt to address these challenges in aecwa international effort, the United Nations
defined the Millennium Development Goals (MDGsR001 (UNDP, 2013a), which initially were set
to be met by 2015. Among the eight goals, two are fpaity relevant for the diffusion rate of RVGs:
the first, aimed ateradicating poverty,and the seventh, aimed at ensuring environmental
sustainability. The goals are intended to work asrfdwide guidance® in international and, most

notably, development cooperation.

Even though much has been achieved since 2@# €g. country specific MDG indicators in UN,
2013a), poverty, and environmental challenges remain widespread. Therefore — and as the MDG
timeline is approaching — the targets are currelndling renewed and adapted. In the context of the
Rio+20 conference, the discussion around post-2Qb8&ls, also referred to as Sustainable
Development Goals (SDGs), was launched (UNBJ,3b). A prominent proposition for new targets

was recently presented by the Asian Development Bank (Brooks et al., 2013). The Bank suggests a
trio of targets: (1) achieving zero extreme poverty, (2) tackling country-specific socioeconomic
challenges beyond extreme poverty, and (3) addmgdbe environmental imperatives that underpin

long term development. As in the MDGs, poverguction and environmental sustainability are key
elements of these SDGs (UN, 2013b).

Rural electrification based on renewable energy as an opportunity

An important lever to address the MDGs andG3Dis the provision of (renewable energy-based)
electricity to more peoptgUNDP, 2011; Johnson, 2013). The United Nations declared the year 2012
as the International Year of Sustainable EnergyAfbrand the UN General Assembly recognized that
“...access to modern affordablenergy services in developingountries is essential for the
achievement of the internationally agreed develepingoals, including the Millennium Development
Goals, and sustainable development, which would help to reduce poverty and to improve the
conditions and standard diving for the majority of the world’s populatioch(UN, 2013c). Today,

more than 1 billion people worldwide still lackaess to electricity, most of them impoverishedd

4 Often international organizations refer to the need for progiginodern energy services [...] [which encompass] lighting,
refrigeration, mechanical power for grinding and milling, heabking fuels, etc." (UNDP 200%.9). However, in this
thesis the scope is set on the provision of electricity only.

5 Referring to people living below or closethe national poverty lines (UNDP, 2010a; UN, 2013a).



living in rural areas in Africa and Asia (Figud) (Casillas and Kammen, 2010; UN AGECC, 2010;
IEA, 2011; OECDI/IEA, 2011).
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Figure 1—Percentages of people with access to electricity in 20@8vn graph based on data by the IEA, (2013) and The
World Bank (2013b))

Access to electricity for the rural poor (often refdrte as rural electrification) — especially if based
on renewable energy sources — contributes tofutidment of the MDGs and SDGs by enabling
sustainabl®development (Modi et al., 2006; Cook, 2011)oamically, electricity is a prerequisite
and incubator for industrial progress and, therefecenomic growth and development. Socially, the
poor benefit from better livelihoods and increaseddsads of living if industrial progress is not only
fostered in cities, but also in rural areas (Perkins et al., 20@8hsequently rural depopulation, along
with the emergence of urban slums and uncultivédeah land in the countryside, can be prevented.
Environmentally, thanks to modern renewable gpeéechnologies (RET), electricity can be produced
with minimal negative impact on the environmaritile at the same time reducing the dependence on

fossil fuels (critical access in remote asgand firewood (scarce in arid regions).

In addition to these national and regional b#sgfural electrification based on renewable energy
sources contributes to the reduction of ;Gfnissions, which is a global concern in the context of
climate change (IPPC, 2012). While industrializedirtries are locked into eentralized electricity

generation system and have installed capaciti@saie mainly based on non-renewable energy such

as coal, fuel or nuclear energy (IEA, 2012d¢yeloping countries can focus on renewable energy

% |n this context, sustainable refers to the comitigm of economicsocial and envanmental aspects.
" Another frequently mentioneadvantage of rural electrifidan through renewable energgsces is the improved health

conditions (i.e. if kerosene lanterasd indoor fireplaces are replacedddgctric solutions) (UN AGECC, 2010).



sources earlier on in their development path tedeby leapfrog non-renewable electricity (Unruh,
2000, 2002). In a recent publication, Rogelj and colleag@013) showed that it is feasible to ensure
access to electricity for all within the planetary warming limit ofC2 given that this development is

based on renewable energy sources.

Rural electrification approaches

Even if economically viable, socially beneficed environmentally unproblematic, the provision of
(renewable energy-based) electricity to the rural pemains a challenge in developing countries. The
lack of diffusion of RETS, especially in rural are@sdue to financial, political, and technological
challenges which have yet to be met. In terméirgnces, national and international policy makers
aim to invest public money efficiently and to tagditional financial sources from the private sector.
Both are challenging tasks for goverents with scarce budgets and a list of competing issues, such as
health improvements or education (Perkins et al. 201805). In terms of political challenges, policy
makers have to evaluate what type of investrmianivhich projects, most effectively and efficiently
promotes access to electricity through RET. Hmswers are influencebly factors such as the
country’s electricity needs today and in the fefuthe current and future desired design of the
electricity sectdt the costs of the different approachesd their environmental impact. From a
technological point of view, there are competing rural electrification approaches (see Table 1) which
have, so far, partially diffused within andtlween developing countries. The extent of diffusion
differs between approaches angeleds, among others, on the countries’ public support in terms of
subsidies, taxes and the like for RET, and the atimg non-renewable solutions. The involvement of
the private sector also varies between countasswell as between electrification approaches
(Bardouille et al., 2012).

In the following, | provide an overview of rur&lectrification approaches, with a focus on their
environmental and socio-economic implications. BETare in general considered to be
environmentally friendly, as fossil fuel-based smns contribute to climate change, among other
negative impacts. In socio-economic terms, electrivity the biggest effect if it is used for productive

activities (e.g. the processing of rice or coffee, @dtiral purposes) and social infrastructure (e.g.

8 Current electricity sector rsictures in developing countrieange from centralistic state-oad to decentralized private
market-based structures, and from a centraltgrgkveral non-integrated regional grids.

9 Since costs between different electyigiroductions technologies diffand change over time, this is a long-term versus
short-term decision. In the long-termER are becoming cheaper due to innovatind ail prices are increasing. However,
short-term the initial investment cost for diesel engines is cheaper.

% eeping in mind that most RET alsovieatheir environmental shortcomings terms of resource use for production or
environmental effects during usage (emvieonmental debate about influence oflhy power on a rivers ecosystem or the

influence of wind turbines on bird migration, etc.).



health clinics, schools and infortien and communication technologies (I&J)and not solely for
consumption in the household (e.g. for light, cogkand entertainment). When used productively,
electricity increases people’s chances to perforcorime-generating activities, which improves their

economic situation and, in theng run, their living conditions.

Table 1- Rural electrification approachesand their environmental and socio-ecomodimensions in terms of energy

source (non-renewable energy in gragyl potential for use of electricity

Electrification (Non)rrenewableenergysource Potentialfor useof electricity
approach
~ Solarlanterns ~ SolarPV/ Householdpurposes Lightand mobile phonecharging

Householdr SolarPV(mostly) Householdpurposes Lightand mobile phonecharging

SRR Wind Cookinggcoolingand entertainmentfor a single
Picohydro household

Villagegrids Diesel Householdpurposes Lightand mobile phonecharging
SolarPV Cookinggoolingandentertainment
Wind Productiveuse Machinery( e.g.coffeeor rice proceeding
Micro hydro machinesgarpentertools)
Biomass Sociainfrastructure  Healthclinic
Hybrids(combinationsof the above School
often in combinationwith batteries ICT
or diese)

Gridextension  Mixed,dependingon national Sameasvillagegrids,howeverdependingon the grid'sreliability

electricitymix

In order to improve the socio-economic situatiortted rural poor in developing countries at low (or

no) environmental cost, RVGs are the best fit (jpare Table 1). Compared to solar lanterns and
household-based system, RVGs offer more electricity and therefore allow for productive use and
social infrastructure in addition to household pmses (Takada and Charles, 2007; Legros et al.,
2009; UN AGECC, 2010; Cook, 2011; Bhattacharyya, 2013; Practical Action, 2013). Compared to
grid extension, RVGs are often more cost-effextivinaccessible, mountainous regions or on islands

in developing countries since extending the griduoh regions is costly (Roland and Glania, 2011).
Additionally, national grids in desloping countries are often ufiedble due to outdated equipment
and a lack of generation capacity; if designed,iRVGs can achieve better reliabilities (IEA, 2010;
Dean et al., 2012). Furthermore, national grids cgorblelematic in terms aénvironmental impact as

they typically rely to a large extent on non-renewable energies for electricity production (IEA, 2012b).
In conclusion, RVGs best fit the purpose of rurakification in light of the MDGs and SDGs — they

are environmentally compatible and potentially cdmtteé more to poverty reduction than the available

1 In rural villages, ICT (such aelephones and computers) is oftegamized in a centralized manner.



alternatives (Kanagawa and Nakata, 2007; Takauth Charles, 2007; Legros et al.,, 2009; Cook,
2011).

Village grids (based on renewable energy)

The village grid concept and technology evolvedhia 1980s in developing countries when public
energy authorities realized that a centralizeglcteification approach, which until then was the
dominant strategy (in both industizzed and developing countries), is often not the most economic
option for remote areas in developing countriBeskett, 2011). In this thesis, a village Yrid
defined as an isolated (i.e. off-grid), small (sizesy between 5kW and 500K grid which powers a
rural village (ESMAP, 2007; Bardouille et al., 2012) village grid’s purpose is to connect one or
more power sources to the households and otheusas (such as workshops or medical centers) of
a village and balance the load with the suppihe core components of a village grid are
synchronizers, transformer(s), potentially a battesgk-up to address intermittency of the sources,
switchgears and the respective software to baltmedoad with the supply from the power plant(s),
and the wiring (see Figure 2). In the case of a power source which produces direct curréht (DC)
additional inverters are needed to feed the altexpaurrent (AC) village network. Power sources can
be both non- and renewable enerds=e Table 1). The choice depends on the availability of (natural)
resources and influences the system'’s design sinesvedble energy sources such as solar PV or wind
are intermittent and require storage and balanaomponents. The load is determined by the
electricity demand of the village, which depends the number of households, their electric
appliances (such as lamps, rice cookers, TVs andggadhe requisites of the social infrastructure
(e.g. schools and medical centers) and businessesifeali.grocery shops, coffee processing plants
and rice mills), and their respective consumpipatterns (Saengprajak, 2006; Terrado et al., 2008;
Raharjo, 2009). While village grids typically serve one common purpose, no single standard design
exists because each village grigshto be adjusted to the contextemh it is implemented. The final
design thus heavily depends on factors sucheasutiount and variability of supply and demand, and

the availability and cost of materials and power sources (Inversin, 2000).

12 Sometimes also referred to asiro/mini-grid or mini-utility.
13 Micro hydro, biomass gasifier and vd power plants typically pduce AC, while solar PV and batteries’ output is DC
(Roland and Glania, 2011).
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Figure 2 — Basic design of a village grittased on Roland and Glania (2011)pés et al. (2012) and Suwannakum (2007)

At this point, a differentiation between renewaldnergy-based and diesel-based village grids is
necessary. A diesel generator’s electricity productionnsare easily be adjusted to loads and is only
limited by its capacity and the availability of fuehdditionally, the technology of diesel generators is,
thanks to products such as motorcycles, alréadyvn in rural areas of geloping countries, whereas
renewable energy technologies are rather newweder, as diesel generators do not address the
MDGs and SGDs, this dissertation focuses on villgggs which are (to a bigger share) powered by

renewable energy (i.e. RVGS).

Despite the advantages of renewable energy-badleadevgrids (RVGs) as a rural electrification
approach, large-scale diffusion of RVGs has not yietrtegplace. This is in spite of an estimated
market potential of 28 million households (an eailent of 3.1 billion EUR, with a forecasted
annually growth rate of 13% from 2012 to 2020 @®auille et al., 2012)), successful examples on all
continents (e.g., in Bolivia, Cambodia, India, Indsia, Mali, Nepal, Nigeria, and the Philippines)
and promotion by development agencies andrmat@®nal organizationgRoland and Glania, 2011;
Bardouille et al., 2012).

Research question, case and structure of the dissertation

RVGs are an appropriate area to investigate ptera and obstacles of technology diffusion because
they are desirable in terms of the MDGs and Sb@shave not readily spread. Conducting a literature
review on RVGY reveals 38 scientific articles (referririg peer-reviewed articles, conference
proceedings and PhD theses) and 21 reports and ljexsluding purely technical work). While more

than half of all publications addressed technoremic aspects of RVGs, only a smaller fraction

(around 15%, most of them reports) address managerial questions. The rest deal with social and

14 The literature review is based on a search on Google aaglé&scholar for the following search words: “village grid”,
“renewable energy-based village grid”, itrngrid”, “micro grid”, and “micro utility”, “village electrification”. 40% of all
reviewed literature referred to RVGs pnthe other 60% also addressed hylwilthge grids. Articles published between
2001 and 2013 were considered.



development oriented topics. Geographically, iimgority of scientific articles draw upon cases in
Africa and South Asia, leaving agan Latin America (where, due to advanced electrification rates,
off-grid applications play a less prominent role, come@gure 1) and the rest of Asia. This literature
review on RVGs and a special issue by the journalEpérgy for Sustainable Development
(Bhattacharyya, 2011) highlight that, besides prelanirefforts, the subject in general is still under-
investigated. To summarize, in terms of empiridata, predominantly village grids (often hybrid
village grids) in South Asia (mainly India and N8pand Africa are described, while empirical data of
other countries and on RVGs is missing. In tewhs theoretical approach, older scientific and
practical publications address purely technical megjing issues, while more recent publications
either perform techno-economic analyses, take alegital perspective or have a strong practical
focus (the latter are mostly published by develeptragencies or international organizations). More
holistic scientific approaches which integrate différperspectives (economic, technical, social and
political) to explain the low diffusion rate of RVGsearare and, if existent, have a strong practical

focus.

In this thesis, | address the gap in research endifiusion of RVGs by considering the following
guestion:Why is the diffusion of RVGs in developingcountries low and how can it be advanced?

The question is tackled fromrde complementary perspectives: a techno-economic, investor’s, and
innovation systems perspective. The target of thagli®s$o provide insights for practitioners such as
investors, development specialists, and policy makers well as to improve existing theory and
empirical data on the diffusion of (renewable enetgghnology. To this end, | will investigate the
diffusion of RVGs from a techno-economic and dgstor's perspective in Indonesia and from an

innovation systems perspective in LEos

This research subject — RVGs in Laos and Indenesis interesting for several reasons. Laos and
Indonesia both face a geographicallaiénging situation inerms of electrification. Indonesia consist
of about 17’508 islands, out of which around 6'G@ inhabited (The CIA World Factbook, 2013).
Laos is characterized by very remote, mountainatesas. Additionally, both countries have high
renewable energy potentials in terms of solaratéah, hydro potentials,nal biomass (e.g. rice husks)
(ADB, 2010; Olz and Beerepoot, 2010). At the sameetielectrification rates are rather low in both
countries and a large share of the countries’ poipulare poor (compare Figure 3) and live in rural
areas. However, the countries differ in several wayserms of population, culture (e.g. religion),
landscape, development status, and most importarthiforesearch, in terms of business as usual in
rural electrification. While in Indonesia diesel geaters are a common rural electrification option,

they are barely used in Laos, the main reasongbisiat Indonesia has acceésdossil fuel resources

5 The central questions thaearelevant for policy makers are: (1) How chufinancial support should policy makers grant
to RVGs? (2) How else can policy intervene?

16 Also referred to as Lao People's Democratic Republic (Lao PDR).



while Laos does not. While several RVG pilot prégeexist in both countries, practitioners from both
countries claim that scaling them up is difficult.

Figure 3 — Countries and their HDI, electrification rate and population living belav 1.25USD per day in 2009UNDP,

2013c). The focal countries of this digs¢ion — Laos (Lao People’s DemodcaRepublic) and Indonesia — are marked.

The following section lays out the overall objectiviethe dissertation and how it relates to existing
theory (as described in Section 2). The methodsdatal used are explained in Section 3, while each
paper and its findings are summarized in SectlorThe dissertation concludes in Section 5 by
describing its methodological, empirical and thé&oet contributions, proposing implications for

investors and policy makers and listing areas ftururesearch. Section 6 provides an overview of

the four papers and Annex | contaths full version of each paper.



2 Research framework and theoretical background

This dissertation investigates the diffusion of renewable energy technologies in a particular context —
RVGs in developing countries — by embracing diffeqgertspectives. Such an approach is helpful to
“overcome inherent limitations of single [thessiand] methods, helping the researcher to see ‘the
whole elephant’ and not just a part of it” (Kp& Pontoglio 2011, p.33; Norgaard, 1989; Little, 1999)
— in this case, the low diffusion of RVGs in dmng countries. Economic, financial/management
and innovation systems literatungrovide suitable approaches to investigate the diffusion of
infrastructuré’ — such as RET- and to derive implications fgolicy makers (Jacobsson and Johnson,
2000; Bhattacharyya, 2012; Truffer et alQ12). While the economic literature examines how
diffusion of technology depends on relative pricaesaficial/management literature regards individual
firms as the central drivers of diffusion. Innowati systems literature, alternatively, understands
diffusion as an evolutionary process, where difieractors are involved and decisions depend on
additional variables apart from relative prices. Thiésee literature streams lead to three different
perspectives from which | investigate the diftusiof RVGs; a techno-economic, investor's and
innovation systems perspective. The perspectives leongmt each other in describing ‘the elephant’

and allow for practical (investor and policy) implications.

2.1 Introducing the three perspectives
In the following subsections | discuss each pecfipe along its conceptual roots and assumptions,
derive the sub-research questions for the foyrepaand additiolg highlight the perspective’s

strengths and shortcomings.

Techno-economic perspective

The techno-economic perspective comprises approdlchesompare costs of different technologies.
Today, such techno-economic modeliadrequently used to derive the cost of renewable energy. Out

of the many existing modeling approactidsr calculating generation costs of electricity, | chose to

" Roger’s (2003) famous framework on the ‘diffusion of innovatis more suited to analysing the diffusion of consumer
products (Lundblad, 2003).

18 In Europe, the leading models to simulate electricity markets and calculate electricity costs, among other things, and the
related institutions are: the MARKAL and TIMES models (eged at the PSI Energy economics group in Switzerland), the
UCL Energy Institute in the UK,the Osemosys model (amameirce model usede.g. at KTH in Sweden), the MESSAGE
model (e.g. used by the IIASA in Austria), and theFANSE model (focused on RET and used at ETH Zurich in
Switzerland).
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apply a levelized cost of eleatiy (LCOE) calculation. The LCOg allows for the comparison of
alternative energy technologies as it pays tributeddltfierent investment and running costs, as well
as to the life span of the technologies. Despitavitie acceptance in the scientific community and in
the political arena, there is methodological criticism. For example, Joskow (2011) criticizes the
application of LCOE for intermittent technologiésuch as solar PV) in regions with fluctuating
electricity sale prices. The use of LCOE for fhaposes of this dissertation is still valid since the
logic of varying electricity prices applies to powerfiberalized electricity markets which barely exist
in most developing countries (including the harelyzed country, Indonesia) and per definition do
not apply to the “monopoly status” of RVGs in vilegy(supplementary information in Schmidt et al.,
2012). The basic assumption when interpreting LCOEyaeralis that the diffusion of the lowest cost
technology is most likely and that policy can therefimtervene by adjusting the cost differences (e.g.
by introducing subsidies to lower the cost of renewallby putting a price on external costs, such as
CO, emissions). Therefore the techno-economic metspe stands in the tradition of least cost
techno-economic modeling. The questio be addressed in light of this thesis is: “In terms of%ost

how competitive are RVGs compared to trendard conventional vilgge grid solution?”

Least cost modeling and LCOE in particular asduable in identifying the amount of financial
support needed to foster RETsThe strengths of LCOE modeling are its wide acceptance and
dissemination in the political aréfia-especially in the context of developing countries (Waissbein et

al., 2013) — along with its persuasive power. THeviance of LCOE literature within the policy
process has several reasons: the single cost iodigateasy to understand, though still able to
incorporate — to a certain extent — dynamics (e.g. future cost projections such as learning curves or fuel
prices) and is very helpful in quantifying necegsaolicy support levels (e.g. the amount of needed
subsidies (Peters et al., 2011)). Neverthelesspénspective’s strongest advantage — its focus on a
single indicator — is also its biggest shortcomingpnitits barriers and risks which do not affect costs,

as well as revenues, necessary technological capabilities and actors involved in the diffusion of

technologies.

19 LCOE takes into account all discounted costs accrued throutifeosystem lifetime (n) inatling investment expenditure
(It), operations and maintenance expendi{g), and fuel expenditures (Ft), dividdy the discounted value of electricity
sold during the lifetime (Et).

2 This research aims at describing theremmics of RVGs in Indonesia today. Astoflay, Indonesian regulations do not put
a price on external costs such as,@issions. Therefore, external costs ase alot incorporated in the LCOE analysis.
However, | acknowledge that pricitigem would be in favor of RVGs.

2L E.g. often used to determine the heighieefd-in tariffs for RET (Peters et al., 2011).

22 \Well-respected organizations such as the InternationatginAgency (IEA), the International Institute for Applied
Systems Analysis (IIASA), the Internatial Renewable Energy Agency (IRENA)etEnergy Information Administration
(EIA) and the United Nations’ Intergovenental Panel on Climate Change (IPP@gularly use it to derive policy
recommendations.
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Investor's perspective

The investor’s perspective partly addresses these shortcomings since it takes the viewpoint of a central
actor in the diffusion of technologies; namely the investor who builds, owns and operate$®alRVG
corporate finance literature, a standard assumptitratsnvestors base their investment decisions on
the risk/return profiles of investment options (see e.g. Brealey et al., 20@Bnterplay of risks and
returns is regarded as a central aspect when uaddiisg whether or not an investor will invest
despite existing risks. The underlying assumption is that favorable risk/return profiles, and thus
positive returns and manageable risks, trigger privetestments. Further, it is assumed that risks and
returns are positively interrelated (see e.g. Lundl@@€fy; Brealey et al., 2008)). Barriers — created by

all kinds of stakeholders — increase the probabilitpedative events in the future (Waissbein et al.,
2013). Thereby they impose risks for the investdisese risks are only accepted by investors if
compensated by ‘sufficiefif' returns (DB Climate Change Advisors, 2011; Davies et al., 2012;
Glemarec et al., 2012; Waissbein et al., 2013). For policy making, this has the following implications:
if policy makers aim to attract private investmentsigpecific technology, they can, first, influence
returng® through instruments such as subsidies, aadpnd, identify and address barriers in order to
reduce risks. Ideally such intentems result in a favorable investment environment for the respective
technology. From the investor’'s perspective, thestioe “what do the current risk/return profiles of

RVGs look like and how can they be improved idesrto attract private investments?” is addreSsed

This perspective is gaining acceptance in piodicy arena (DB Climate Change Advisors, 2011,
Glemarec et al., 2012; Waissbein et al., 2013) bed&igevestor-oriented, mket-based approach is

in line with the current efforts in internatiordgvelopment cooperation. & World's Bank's president,

Jim Yong Kim, states that market-based growth is a priority in developing countries (BBC, 2012).
Supporting developing countries in creating markets and thereby leveraging private capital is a central
focus in development cooperation programs of todayds international actors, such as the UN or the
World Bank (Roberson, 1999). Despite having eorgl and beneficial focus on investors, the
perspective neglects other actors, fully omits sadplects of technologies and also ignores dynamics,

as well as geographical issues.

2 In this perspective | focus on build-oveperate-type of investors only and do nohsider other investors, such as e.g.
venture capitalists, who purely do fingdnvestments and are not involvedtire building and operating of RVGs.

2*What qualifies as “sufficient” is subjective to each investor.

% n calculating returns, | do not include external costs amaBy reflect the current regulatory and investment environment
in Indonesia.

% Since risks and returns both appear on different geograghicels, the analysis is divided into local, national and

international levels.
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Innovation systems perspective

In the innovation systems perspective, | rely om literature concerning systems of innovations (for
an overview see Edquist, 1991hnovation systems (ISjterature has its roots in evolutionary
economics and theories of irgetive learning (Nelson and Winter, 1982; Rosenberg, 1982; Edquist,
1997; McKelvey, 1997). It gained relevance in inatten research in the late 1980s (for an overview
see e.g. Edquist, 1997; Edquist et al., 2007). [BHé&erature defines thennovation and diffusion of
technologies as an evolutionary, systemic prock&sce, the approach goes beyond mere cost-
competitiveness, as in the techno-economic petispe@nd beyond analyzing a single organization,
as in the investor's perspective (Jacobssod aohnson, 2000). Depending on the object under
investigation, researchers hadistinguished between national/regal, sectoral, and technological
innovation systems (Carlsson et al. 2002; Male2b@2). Of these different levels of analysis, a
Technological Innovation System (Ti8fuses on a specific technology and is defined by Carlsson
and Stankiewicz (1991, p.93) as a “dynamic network of agents interacting in a specific
economic/industrial area under atmarlar institutional infrastructurand involved in the generation,
diffusion, and utilization of technology“. The prael purpose of innovation systems is to derive
policies which foster technological change (Edquist, 1997). To thisTéBdesearchers developed the
concept offunctions(Carlsson and Jacobsson, 2004; Berge#ill.et2005), which make the system’s
performance ‘measureable’ and provide a toot¢oive policy recommendations to foster specific
technologies (Hekkert et al., 2007; Bergek et al., 2008). (tdhnological) innovation systems
literature assumes that technologichinge results from the interplay of different actors in a certain
institutional environment. It involves reinfong processes in, for example, knowledge development
and diffusion or resource mobilization. It is alsssumes that policy makers can intervene in these
processes in order to support the diffusion of aifed technology. From this innovation systems
perspective, first, | address the question “to which extent isTtBe and functiondramework
generalizable to ‘extreme’ cases¥iplying the framework to an “extreme” case, that differs strongly
from cases analyzed thus far, can demonstrate tleraevalidity of the concept in such cases and can
help to identify weaknesses and potential improvemerhe chosen “extreme” case consists of the
(thus far in theTlS community not investigated) relatively complex technology of RVGs in rural Laos
(a least developed country). | thereby aim at moating to the current debates on (a) the set of
functions their role in the system and their individual definitions; and (b) the roépatfal aspects
and their integration into th€lS and functiondramework. Focusing more on practical aspects, the
second question asks “how the low diffusion of RMfBa least developed country can be explained

using theTlS and functionframework.”

The advantages of this approach are, first, thaTtB8eand functionframework has proven to deliver

valuable insights into the development and diffagprocesses of infrastructure technologies (Bergek,
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2012; Truffer et al., 2012)and therefore fits the empirical facof this thesis. Second, by mapping
only those aspects relevant for the studi¢g it simplifies a complex real-life situation while still
integrating dynamic aspects of diffusion (Hekkeralket 2007). Finally, it is empirically proven to be
successful in indentifying bottlenexkn the process of the diffusion of a technology, which provides
the basis for informed, holistic policy making (Jotims2001; Smits and Kuhlmann, 2004; Bergek et
al., 2008; Markard and Truffer, 2008; Jacobsson Bejek, 2011). However, this perspective also
has its limitations. Probably its biggest limitation is thatTHeapproach is a rather young framework
which is not yet fully established and is cuthgrmainly applied by research groups in Europe.
Because of this, the approach (explicitly not mef@é to as a theory (Edquist, 1997)), being young (see
e.g., Bergek 2012; Truffer et al. 2012), compriaeset of issues under debate; amongst others, the
stability of implications for policy makers. While many researchers formulate policy recommendations
from empirical research, others claim that such recommendations remain unspecific and purely
gualitative (Jacobsson and Karltorp, 2012). Othegcidlines might claim tht factors such as
competition between firms are under-established andthigatapproach — even if first attempts to
develop quantitative measures Td6 and functionkave been made (Negro et al., 2007; Bergek et al.,

2008; Suurs and Hekkert, 2009) — remains qualitative.

Figure 4 provides an overview of the perspectivakthr respective sub-research questions. Together
with co-authors | addressed each sub-research question in & p¥yeite the first three papers
directly relate to one perspective and its respedtieraction with the case of RVGs in South East
Asia, the fourth paper is a purely conceptual viewpoint oriltBeand functiongramework without
relation to the empirical case of RVGs in developoogintries. The integration of Paper 4 into the
thesis strengthens the thesis’ general aim toveecommendations for national and international
policy makers. It does this in a conceptual, thewiented way by addressing the question: “How to
improve the relevance and applicability DIS and functionsn research findings for the political

forum?”

2" In fact theTIS and functionframework was empirically driven byfiastructure — morspecifically RET.

2 \While the entire papers are provided in Annex |, a summifaye results of each paper can be found in Section 4.
14



Research questions

Techno-economic
perspective Interms of cost, how competitive are RVGs

compared to the standard conventional village Paper 1
grid solution?

LCOE of RVGs

Investor's : :
perspective What do the current risk/return profiles of RVGs

look like and how can they be improved in order Paper 2

Risk/return profile of RVGs to attract private investments?

Innovation systems To which extent is the TIS and functions
perspective framework generalizable to “extreme” cases?

A) TIS and functions How can the low diffusion of RVGs in an LDC be

PSRl X plained using the TIS and functions framework?
L.extreme” case

how can it be advanced?

Paper 3

Why s the diffusion of RVGsin
developing countries low and

B) :’g‘crgl?]vlﬁ'g‘n%”atgnzog?y How to improve the relevance and applicability of
TIS and functions in research findings for the Paper 4
political forum?

TIS and functions
framework

LCOE = Levelized Cost of Electricity, RVG= renewable energy-based village grid, TIS = Technological Innovation System, LDC = Least Developed
Country

Figure 4 — The overall framework of the PhD thesis, an overview of the papers and their research questions

2.2 How the three perspectives complement each other

Having discussed the rationales behind the use of pexdpective above, this section concludes with
the contributions of each to the explanationvbly the diffusion of RVGs in developing countries is

low and how it can be advancedlt thereby provides insights for practitioners, such as investors and
policy makers and the improvement of existingdtetical concepts and empirical data on the

diffusion of (renewable energy) technology.

Implications for investors can be derived from alkthperspectives. Costs, returns, and risks, as well
as systemic barriers, are all relevant inforomatior investors. Understanding potential risks and
returns provides investors with a good starting point to base their investment decisions on. However,
before making a final investment decision, inwestt barriers have to be understood in order to

evaluate potential risks.

Providing policy makers with recommendations ow o foster the diffusion of a specific technology

is the second aim of this thesis. In this regapolicy makers in developing countries need to
understand that there are different dimensions taat@lwhen determining whether it is desirable to
foster the diffusion of a specific technology. Ondlwse is cost and, another, how well a technology

contributes to the fulfilment of development goals such as poverty reduction. If after such an
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assessmefita technology (e.g. RVG) is consideredrthavhile for diffusion, two important policy
guestions have to be asked: (1) How much firrsupport should policy makers grant to RVGs? (2)
How else can policy intervene? While the tecleeonomic perspective provides insights on costs of
technologies, only together with the return calculation and the risks aspects from the investor’s
perspective can policy makers come to conclusabwut the amount of financial support needed in
order to turn RVGs into an investment with pies returns. The second question can be answered by
combining the investor's and the innovation systgmerspectives. While the investor’s perspective
specifically points to investment barriers, tidvation systems perspective helps identify barriers
(which are labeled as bottlenecks or weaknesses bylleand functiondramework) and their
systemic roots in the overall system. It includes all kinds of relevant actors, their interrelations, as well
as the institutional factors that shape their decisions. Conducting the barrier analysis TdSdathe
functionsanalysis by applying different geographi¢avels reveals whether policy makers should
intervene locally, nationally or internationally. Bommarize, in order to answer both questions, the
combination of the perspectives is essential. Ootlier words: “policy impacts depend on the design

of the policies and context in which they are Usé&id limiting oneself to one [theory and] method
there is a danger of coming up with partial trugasd mak[ing] unjustifié¢ generalizations” (Kemp &
Pontoglio 2011, p.33), whereas the multi-perspectipproach applied heralows us (and policy

makers) to see more of 'the whole elephant’.

This thesis also adds empirical data on renesvahkergy-based technologies in developing countries
and contributes to existing theoretical conceptsel#as in all three perspectives new empirical data
is gained, only theTIS and functionsframework (in the innovation systems perspective) is
conceptually enriched by this dissertation. In otwerds, the “extreme” research case, which is new
to theTIS and functionframework, allowed for testing of thisol ‘to make the elephant visible’. The
framework was then enriched to makeniore effective in investigating oth&tS (‘other animals’) as

well.

2 Sometimes referred to as tecloyy needs assessment (UNDP, 2010b).
16



3 Methods and Data

Researchers in economics and social sciences recognize that methodological pluralism is the most
appropriate approach when dealing with comptpiestions (e.g., Norgaard, 1989; Little, 1999).
Kemp and Pontoglio (2011) suggest looking at aanetesubject (the ‘elephant’) from different angles
and embracing different methods, and researchersaitizd specifically on rural electrification topics
suggest integration of the expertise of pramtiérs with the knowledge of different academic
disciplines (Schéafer et al.,, 2011). Therefore,r@searching the different perspectives, this thesis
employs methodological pluralism and multiple datarses. While Paper 4 is theoretically driven and
develops a new conceptual approach to derive policy recommendations ffé& and functions
analysis, Papers 1-3 are methodologically baseduantitative and qualitative methods and rely on
both primary and secondary data (compare TahleA23ound literature review is the basis of all
scientific work, and therefore also of all four papers in this tffeditowever, this will not be

described in this section (please refethi® respective papers in Annex ).

Table 2 —Methods and data used in the four papers

Method Data source Regional Technological
Scope Scope
Techno-economic Quantitative: cost  Secondary data: Indonesia  Diesel-,
perspective modelling information on village solar PV/battery-,
LCOE of RVG development, energy and microhydro-
0 s resource, and cost of based village
technology grids
Investor's Quantitative: Secondary data: Indonesia Solar PV/battery-,
perspective revenue Business model and microhydro-
Risk/return profile of RVGs modelling documents, and policy ba_sed village
Qualitative: reports grids
interview-based Primary data: 31
Innovation systems case study interviews, 4 RVG visits
perspective
A) TIS and functions Qualitative: Primary data:17 Laos All types of
framework applied to an interview-based interviews, RVG visit renewable
»extreme” case case study energy-based
village grids
B) Improvement of policy
recommendations of Conceptual Secondary data: n/a n/a

TIS and functions
framework

empirical TIS and
functions papers

RVG=renewable energy-based village grid, TIS = Technological Innovation System

%0 The focus of the reviewed literature is different in eagrepand includes: costs of RV@sIndonesia (Paper 1), barriers
to RVGs and corporate measures to address the baffieper 2), empirical (focusing on developing countries) and
conceptuallTlS and functionstudies as well as documents on rural electrification/RVGs in Laos (Paper 3), and empirical

work applying theTlS and functionfamework (Paper 4).
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3.1 Quantitative: Modeling of electricity generation costs, CQ abatement costs, and revenues
(Paper 1 and 2)
In Paper 1 and 2, quantitative modeling is appiredrder to determine ettricity generation costs

(LCOE), CQ abatement costs and (potential) revenues of RVGs in Indonesia.

3.1.1 Electricity generation costs

In Paper 1, the life-cycle costs of electricityngeation in RVGs (and the conventional solution) are
modelled. Figure 5 provides an overview of thegedure and the following subsections describe each

step in more detail (for the full analysis, please see Paper 1 in Annex ).

1 Electricity load profiles

» Consumersectors: household, productive use, social infrastructure
 Electrification scenarios:
A. Basic
B. Advanced
2 Capacities of electricity systems Calculated for Indonesian and
I — world fuel prices
Conventional Renewables Hybrid 90% = only 90% of days of the
. Diesel « Micro hydro « Solar PV/ Diesel / yearel_ectncny demand is fully met
« SolarPV /battery (100%, 90% , 80% ) Battery 80% = only 80% of days of the
« SolarPV/ Diesel year electricity demand is fully met

Levelized costof electricity (LCOE)

» Capital and operating expenditures

« Discountrate
 Electricity sold

Figure 5 — Three step approach tanodel electricity generation costs

Electricity Load Profiles

In the first step, the village electricity demand vessimated. To this end, I, together with my co-
authors, defined the size of a generic villagey ®lectrification strategies (to account for different
socio-economic development stages of villages) thaaorresponding village load profiles, including
electricity consumption for households, productive aisé social infrastructure. Previous studies and

our own field investigations andtarviews were used as input data.

Capacities of electricity systems

Having determined the demand for electricity ia generic Indonesian village, in the second step the
required capacities of each system in order to iieetlectricity demand levels for each scenario as
defined in the hourly load profiles were deteradnWhile the diesel and micro hydro-based systems

were sized according to the peak demand, alethisystems (where solar PV plus at least one
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additional electricity generation technology is eoygld) were sized by minimizing the LCOE of the

system and accounting for variations in the solar radiation throughout the year.

Levelized cost of electricity

For each electricity generation system and both electrification scenarios, the LCOE was calculated via
a non-linear, dynamic cash-flow model. It allows floe comparison of alternative technologies even

if system sizes, investments and operating tidi#fer (Campbell et al., 2009). The LCOE equation
(below) takes into account all discounted costs adctbeughout the system lifetime (n), including
investment expenditure)l operations and maintenance expenditurg, (&hd fuel expenditures {F

divided by the discounted value of electricity sold during the lifetime (Es the assumed discount

and inflation rate.

R ot

%1 L [E/kwh]

Ag@?s EN;

3.1.2 CO, abatement costs

Implementation of a RVG reduces greenhouse gassamns that would otherwise have been caused
by a conventional diesel-based village grid. In Pdpethe emissions abatement costs were defined
using the difference in LCOE between the dies&l renewable energy-based solutions, as well as the
associated emissions displaced relative to tlesetlisystem. This relationship is defined by the
following formula:
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#>=PAIAJP:#% DP ,
'"IEOOEMKdPFui EOOBBIN=00r0 00=0x

We also calculated the savings in £é&nissions made by opting for a RVG as opposed to diesel,
given by the formula:
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3.1.3 Revenues

In Paper 2, potential local, national and intéioral revenues of RVGsvere calculated. Local
revenues were assumed to equal electricity salegsriSince real electricity tariffs are fixed in
Indonesia, and therefore do not reflect the whole local revenue potential, | used the villagers’

willingness-to-pay as a proxy. The data used based on a mini-survey with 9 implementers and
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operators of RVGs, as well as villagers. Nationakreies are reflected by a potential redistribution of
fuel and electricity subsidies. The actual valued@sel subsidies (in €/kwh) in currently operating
diesel-based village grids was determined udimg difference between the LCOE of diesel-based
village grids considering Indonesian and intewrzai diesel prices (following IEA’s opportunity cost
approach). The difference between the LCOEdigsel-based village grids (at Indonesian diesel
prices) and the Indonesian national electricity tqdffarged by the Indonesi electricity utility and
paid by already electrified rural poor householgiglded current electricity subsides. To determine
potential revenues from international sourcespthsidered revenues obtained through the sale of
carbon credits, which | calculated based on the @@ission savings obtained in Paper 1 (Section
3.1.2):
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3.2 Qualitative: Interview-based case studies (Paper 2 and 3)

For the barrier analysis in Paper 2 andT and functionanalysis in Paper 3, | followed Yin (2003)
's approach and applied a qualitative, single case stesign. This is appropriate for explanatory and
exploratory purposes in a complex, contemporangial context which has not been previously
explored in depth (Eisenhardt, 1989; Gibberalet2008). In the following subsections | describe the

sampling, data collection and analysis.

Sampling of cases and interview partners

By applying theoretical sampling (following Eisemntia 1989), | chose Indonesia and Laos as case
studies to investigate the diffusion of RVGs. While thiffusion of RVGs is considered beneficial to
both countrie¥ and there are RVG pilots in both of these countries, the scale-up is very slow. The
investor’s perspective is best investigated in Iredim one of the countries with the largest potentials
for RVGs worldwide. Here the “ease of doing businésshore attractive to private investors than in
Laos (The World Bank, 2013a) and several partiygbely funded RVGs have already been built. For
developing theTlS and functiongramework in the innovation sygns’ perspective, choosing “cases
such as extreme situations and polar types inclwhhe process of interest is ‘transparently
observable™ makes sense (Eisenhardt, 1989, p.230s presents such an “extreme” case tdltBe

and functionditerature. Laos is “extreme” in terms of, fexample, its development status as a least

developed countfg, with limited resources and (technological) capabilities (UN-OHRLLS, 2013).

31 Both countries have high renewable energy resources, lowifigation rates, challenging tein in remote areas (islands
or mountains), as well as poveraduction and environmental goals.

32 The United Nations’ Human Developméndex (HDI) classifies Laos adeast developed country (UN-OHRLLS, 2013).
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In Paper 2, interview partners were sampledfiliothree categories relevant to an investor’s
perspective: customers (villagers), professiofi@golved in the buildingowning and operating of
RVGs in Indonesia) and representatives from the muwent. In Paper 3 | sampled interview partners
to fill four categories of actors in HS villagers, governmental unitdevelopment specialists (from
international organizations, nongemmental organizations and déwement agencies) and private

sector representatives.

Data collection

As suggested by Yin (2003) for ‘explanation binlgl, | followed an iteréive process in collecting
and analyzing data. For the analysis, | drew psimary data sources, such as semi-structured
interviews and on-site obsenatis of RVGs, which | conducted dlg two several week-long stays

in South East Asia in 2010 and 2011, as wellrasn secondary data sources such as reports, policy
documentation, websites, and other documentgimenhardt & Graebner 2007). The procedure was

as follows:

(1) Through a web search, | identified a preliminary list of potential interview partners.

(2) To complete the list and to refine the sestmuctured interview guidelines, | followed Yin
(2003)’s suggestion to conduct a pilot interviemd visited Laos in 2010 for an exploratory
face-to-face interview. For this interviewsé¢lected, based on a web search, a prominent actor
in rural electrification who would be helgfin challenging the interview guideline and
identifying additional interview partners.

(3) After obtaining an extended list of potential mviewees, | requested interviews for mid-2011
through phone calls and emails.

(4) In preparation for the interviews | scannedated documentation andilored the interview
guidelines to each interviewee.

(5) | then conducted the arranged interviews an@nged additional ones once in South East
Asia. Among the 42 interviews used for thiedls, twelve were conducted in Laos, 26 in
Indonesia, two in Cambodia, one in Thailandd one in Switzerland. While eleven of the
interviewees are non-South East Asiansaré Laotian and 14 are Indonesian citizens.
Surprisingly, most interviews could only beanged once in South East Asia. This highlights
the importance of on-site research, especialiytérviewees are not easily accessible by email
or phone or have no Englishniguage skills, such as mostdbnesian and Laotian villagers.
Each interview lasted between 30 and 120 miniésen the interviewe agreed, interviews
were recorded; otherwise the interviewer took detailed notes.

(6) To triangulate information provided by the difat interviewees, | included observations of
visits to four different RVGsind additional written infornton obtained from interviewees.
The visits to the RVGs included visits to thewer plants, inspection of the civil construction
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and visits to the villages and grid netwark&ie observations were documented on videotapes
and through the researcher’s notes. The anfditiwritten data provided by interviewees was
of special value, as many country specific doenta are not available online. Interviewees
therefore represent an important sourcepi@sentations, non-public policy documentations
and drafts of reports.

(7) Finally, interviews were transcribed and tthge with the other dmuments (videotapes from
RVG visits and written secondary data) saved in a central, standardized electronic case study

database, which facilitates the repetition of the analysis.

Data analysis

To analyze the collected datastructured the information using coding. Throughout this process, |
followed an explanation building logic which is applicable to both explanatory and exploratory
contexts (Yin, 2003). The beneficial attribute otlsdogic is its iterative character. It allows the
consideration of rival explanations and the opymtity to examine theevidence from perspectives
other than the one initially defined (Yin, 2003). Tfos end, | applied categorical aggregation “of
instances until something can be said about themdass” (Stake, 1995, p.74) to the data. For the
analysis, | used the software Atlas.ti. | apglia code list including barriers and measures that
investors can take (from interviews for Paper @@imesia)), as well as all structural and dynamic
elements of th@'1S and the thregeographicallevels (from interviews for Paper 3(Laos)). The list of
codes was extended along the coding process wheag@asmuliarity arose that was not covered by the
codes. By applying a reduction process (Mdishad Rossman, 1989) fadditionally identified
codes, | ensured that no important aspects were neglected. After coding all interview transcripts, |
identified the most important barriers (from intewgefor Paper 2 (Indonesia)) and bottlenecks in the

TIS(from interviews for Paper 3 (Laos))

22



4 Summary of the Results

While Section 2 outlined the dissertation’s objectivaas] Section 3 the methods and data used, this

section highlights the main findings of each paper.

4.1 Paper 1: Rural electrification through village grids — Assessing the cost competitiveness of
isolated renewable energy technologies in Indonesia

As discussed in Section 2, Paper 1 investigatesdoompetitive, in terms of costs, RVGs in Indonesia

are compared to the standard conventional villagespiution. To this end, we calculated the LCOE

of micro hydro, solar PV/battelyand diesel-based village grids fa generic Indonesian village and

two electrification scenarios (A and B). Figure 6 shows our main results.

Scenario A Scenario B
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€
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Figure 6 —LCOE for generic Indonesian village grid with various power generation configuations and applying basic

(A) and advanced (B) electrification scenariofFor each technological option, the LCOE are quantified on the horizontal
axis in €/kWh. The black linegpresent the range of LCOE for any villag& configuration with diesel components,
demonstrating the influence of fuel costs due to the remoteh#ss village. The furthest left (smallest) LCOE within a
variation represents locations close tstiifbution centres. The furthest right (highest) represents the most remote locations
Additionally, we compared the LCOE results to the Indonesiate-stwned electricity utility’setail tariff range depicted by
the red vertical bars. A range of tariffs exist since ret&kprdiffer for household, prodiive use and social infrastruce

consumers.

% To investigate ways to reduce the costs of solar PV/battesgd village grids, we additionally calculated the LCOE for
different system configurations, inclungj a reduced supply contingency and a fybation approach. Under a 90% reduced
supply contingency, the RVG &ble to supply sufficient electricity to fyllmeet the village’s demand during 90% of the
days throughout a year. For the remaining 109%0atage of electricitgupply may be expected
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Figure 6 shows that the cost of all technologies @dsa®when the advanced electrification scenario is
applied instead of basic electrification. This isven by a higher capacitjactor in scenario B,

achieved through daytime utilization of electridity productive use and social infrastructure.

Through our analysis, we find large differenceghia LCOE of the various solutions. Starting from

the conventional solution, we observe that the digselered village grid option has the second lowest
LCOE (at low and medium remoteness) when carsid the Indonesian diesel fuel prices. However,
when we consider world diesel fuel prices, the LCOE are 62% Rfghkdditionally, due to
transportation costs of diesel, particularly in more remote areas, diesel prices can be much higher than
in distribution centres. In the set of results fenewable energy-based village grid solutions, we
observe that micro hydro consistently has the lowest LCOE compared to other technologies for both
scenarios, at 0.16€/kWh (A) and 0.14€/kWh (B). Oualygsis also demonstrates that solar PV is still

the most expensive technological option to power village grids. For scenario A, a LCOE of 0.58
€/kWh was obtained, and for scenario B, a LCOE 886/kWh. However, for solar PV in scenario B,

we observe that the solar PV/battery LCOE is alydadier than a diesel engireg world fuel prices,

even at medium remoteness. In evaluating the eftéctiernative configurations to solar PV/battery-
based village grids, first, we observe that thduced supply contingency strategy proves to be
successful in reducing LCOE. Secondly, hybadhnologies which combine diesel and solar PV are
only cheaper than pure solar Pstitery options if diesel subsesi are assumed and/or the village
location is not remote. Their application might beerasting in places where diesel generators already

exist but more generation capacity is needieel to the development of the village.

By law, all end-users to the state-owned Indonesiaciricity utility (Perusahaan Listrik Negara PLN)

are entitled to the official PLN tariffs. For compleéss, we compared the OE of the village grids

to PLN retall tariffs (red band ifigure 6). PLN tariffs differ according to the end-use category as
determined by Ministerial Decree 4/2010 (Ministry of Energy & Mineral Resources Indonesia, 2010)
and range from 0.06 - 0.08€/kWh. Thetail tariff band is thus far lower than any of the LCOE for the

analysed village grid options.

Looking at the solutions from an environmental perspective, in oyrdb@ement cost calculation
(compare Paper 1 in Annex 1) we also find thalicro hydro-based village grid solutions have
negative CQabatement costs with significant potentiatéduce emissions. The results also show that
a certain part of the additional costs of solarRittery-based systems could be covered by carbon

credits.

34 |f external costs such as e.g. nissions were priced, the cost of diesesddl village grids would increase even more.
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4.2 Paper 2: Attracting private investments irto rural electrification — A case study on

renewable energy-based village grids in Indonesia
Taking the investor's perspective, Paper 2 answbke question “What do the current risk/return
profiles of RVGs look like and how can they be ioyed in order to attract private investments?” The

paper investigates the risk and returneasp of RVGs for the case of Indonesia.

The return analysis (see Figure 7) shows that paldotal and national revenue streams are able to
cover cost¥. This builds the base for a profitable besia case, at least in the case of micro hydro-
based village grids. While local revenue estimatesbased on the villagers’ willingness-to-pay for
electricity, national revenues are based on potentialigtrébuted subsidies. Both revenue streams are
substantial and, in contrast, théerof international revenues in therm of carbon credits turns out to

be limited.
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Figure 7 —Cost and revenue estimates for micrtiydro and solar PV/battery-based RVGE®

Next, in order to understand thek aspect, the paper analyzes investment barriers on a local, national
and an international level and matches them wigasures that build-own-ajpge investors can take

to address these barriers. We find a wide range of barriers as well as measures for investors (see Table
3).

35 As this paper takes a business perdpecthe here presented costs refleatent production costs (calculated as LCOE)
and do not incorporate external costs.

36 Even if the submitted article (see Paper 2 in Annex |) depalties in USD/kWh and IDR/KKY here the values are shown
in EUR/kWh to ease comparison with Figure 6.
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Table 3 —Barriers (in Indonesia) and measues for investors to address them

Barriers
(basedon interviews)

Measuresfor investorsto addressthe respectivebarrier
(basedon literature review andinterviews)

Lackof understandinghe customers’
needs

Conductmarketresearchto understandvillagespecifics

Introducecustomerservice

Involvethe community

Lackof decentralizedbperation,
maintenanceand administration

Implementa decentralizedbrganizationaktructure

Employlocals

Unsteadyelectricitydemandand

Doscenariodor the demandforecastof eachvillage

S uncertainforecasts Increasemodularityandflexibility of designof the RVG
=t Educatecustomerson efficient electricityuse
Agreewith localbusinesse®n fixed and regularelectricity purchases
Lackof localhumanresources Trainand up skillown, local staff
Retaintrained and skilledstaff
Lackof localfinancialresources Desigra locallyadaptedtariff and paymentscheme
Fosterlocalproductiveuseandentrepreneurship
Providecustomerswith accesgo loans
Lackof standardsandknowledge Drawfrom and advocatefor existingbestpracticeexamplesand
transferon bestpractices standards
Conductpilot projects,then scaleup
Lackof informationanddata Collectand shareinformationand data
Lackof nationalnetwork of investors  Attend and conductworkshops seminarsand conferences
= Buildstrategicpartnerships
_5 Lackof nationaltechnologysupplier ~ Buyfrom localsupplierswheneverpossible
© network Buyfrom internationalsupplierswhere necessary
= Stronglyregulatedelectricitymarket ~ Advocatefor marketliberalization
Ineffectivegovernmentaktructures  Maintain professionaktontactsto governmentalunitsin orderto gain
trust
Decentralizedperation,maintenanceand administration
Lackof nationalfinancialresources Reducebusinesgisk
(debtandequity) Employnew financingschemes
_ Lackof internationalfinancial Reducebusinesgisk
g resourceqdebt, equity, carbon) Employnew financingschemes
= Loanfrom impactinvestors
GE) Applyfor carboncredits
€ Negativeexternalitiescausedoby StrengthelNGOsgovernmentakgenciesand other non private actors

internationaldonors in their understandingof free marketmechanisms

This list of measures is extensive. As an exanpsummarize two representative measures. First, to
address the local barrier “lack of understanding thstorners’ needs”, investors need to “involve the
community”. Concrete activities that prevent riaga investor and consumer experiences include
stakeholder meetings (Bardouille et al., 2012; Riskn et al., 2012), in-kind support for villagers
(Sovacool and Valentine, 2011; Rickerson et2012), co-operation with existing income-generating
organizations (e.g., coffee or rice farme(syon et al., 2009), and community ownershipnd

management (Aron et al., 2009; Glemarec, 2012; Yadoo, 2012). Such community activities are time-

37 Perceived community ownership (or sometimes also reféoress cooperative approach) is more important than actual
legal ownership (Yadoo, 2012).

3 possible disadvantages of community-cesttanodels can be the time intensityesiablish the cooperagiyas well as the
risk of technical and financial failurever time and the dependence on thermanity members (Glemarec, 2012). Yadoo

and Cruickshank (2010), and Cook (2011) on the other sidess that operation and mgament costs are lower in
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consuming, yet as experts from other NGOs state, a prerequisite for customer acceptance (Alvial-
Palavicino et al., 2011). Second, to address the bairibe “strongly regulated electricity market” in
Indonesia, investors can advocate for market lltzation, for example by networking with other
investors and lobbying for regulations in favourRGs. However, such efforts are challenging and

resource intensive.

Despite the variety of measures that build-own-openatestors can take to address barriers, we argue
that investors cannot solve the low diffusion R¥Gs by themselves and that policy reforms are
needed. The two most important governmental activitighis regard are the re-distribution of fossil
fuel subsidies towards RVGs and the implemgwraof public de-risking measures. These include
actions such as reforming the national renewalplé electrification policies, reducing overlapping

functionalities, introducing technology standafdr RVGs, and improving access to finance.

4.3 Paper 3: Applying the Technological Innovation System and functiorficmamework to a
complex technology in a Least Developed Counyt— Implications from an extreme case
As discussed in Section 2, Paper 3 investigates “to which extefi$hand functionsramework is
generalizable to ‘extreme’ caseaid “how the low diffusion of RVGs in a least developed country
can be explained using th¢S and functionframework.” The purpose of the paper is twofold: first, to
enhance the ongoing debate on how to advancé tBeand functiongramework (Bergek, 2012;
Truffer et al., 2012). To this end, we contribute to the discussion on (a) thefgettidns their role
in the system and their individual definitions; and (b) the rolgyexgraphical aspectand their
integration into the'lS and functionframework via the distinction ajeographical levelsWe apply
the framework to an “extreme” case that has been previously investigated in thES community
and differs strongly from cases analyzkdd far: RVGs in Laos. To account fpeographical aspects
we conduct our analysis along tleeal, national andinternational level. Second, we provide new

empirical insights into the reasons for the lofiudiion rate of the RVG technology in Laos.

Throughout our analysis, we identified a large awapottlenecks in the diffusion of RVGs in Laos.
Other than a barrier analysis, thiS and functionframework encompasses the capability to identify
systemic roots of these bottlenecks and toveesystemic policy recommendations (Smits and
Kuhlmann, 2004; Wieczokeand Hekkert, 2012).

To this end, one of the most important overarghempirical observations is that the institutional
settings (such as dominant paradigmgyectations or beliefs) of the RVAS differ strongly across
the threegeographicallevels. On thenational level, the most influential institutions are arguably
regulatory ones. While the government aims at ecimgmowth and developménit is hesitant to

implement and support stringent market-based a@mes. Furthermore, the regulatory actors display

cooperatives and Palit and Chaurey (2011lanr that, “due to equity, commitment and transparency”, cooperatives are

successful. They also show that this holds trugqodaurly if there is a productive use of electricity.
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low technological capabilities and a reluctance toosle RVGs as the appropriate technology for the
electrification of the (at least) 10% non-electriffgapulation outside of the igrrange. Despite RVGS’
advantages over alternative technologies, natiomgilaors indiscriminately support technologies of
all kinds. Hence, regulatory institutions on tiegional level remain weak. On thiaternationallevel,

the paradigm that least developed countries reseédrnal support to induce economic growth and
development, and that such support should fosteatersector involvement, is consistent across most
actor groups. However, international actors’ chatappropriate technologies, the amount and means
of resource transfer and the time horizons and scale of support differ widely. This results in
technology plans and offers of support that arensistent and sometimes even contradictory. At the
local level as well, some institutional settings arenbbgeneous and otherstbegeneous. Across the
country, villagers believe the central state shoulovigie the infrastructure. They are also rather
skeptical of entrepreneurship. Additionally, the gah&vel of education and professional training is
low, often leading to unrealistic expectations vigielectrification on the part of the villagers. The
heterogeneity of the institutional settings is of #ual nature: the many ethnicities, languages, and

dialects make each village sui generis.

Additionally, the cultural heterogeneitf villages hampers knowledge flow on tleeal level, i.e.
between villages, as well as from timernationalto thelocal levels and vice versa. As information
related to RVGs comes predominantly from ifernationallevel and is mostlgoded in English, it

is not well received and is often not retained. Feirtpart, villagers are unable to make their needs

heard, which can result in a mismatch between loeatls and international supply of resources.

These different institutional settings and lackinga$ of knowledge result in low flows of tangible
and intangible resources between the tlgeegraphicallevels and, as a result, dampen network

building dynamics.

4.4 Paper 4: Unlocking the full potential of Technological Innovation System and its functions
framework — A viewpoint

The emergence of thHS (Carlsson & Stankiewicz 1998nd functiongHekkert et al., 2007; Bergek

et al., 2008) framework has been interdisciplinsince its outset (Johnson, 2001; Fagerberg et al.,

2006). The beauty of the analytical framework provided byfuhetionsapproach is its applicability

to a single technology (Carlsson, 1995). This in turn results in high policy relevance when it comes to

the question of how policy could incentivize the diftusbf this specific technology. Additionally, the

framework reduces the complexity thie considered case while at the same time providing a systemic

view of it. Analyzing the existing literature in this field shows that filmectionsapproach is well

suited to identify bottlenecks and pinpoint systemic probleni$3nBut, so far, conclusions on policy

recommendations have not often been linked toTd#® and functionsanalysis and remain rather

generic and broad (Jacobsson andltkg, 2012). A short survey of the existing empirical papers
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applying thefunctionsapproach, listed in two recent revieWergek, 2012; Truffer et al., 2012),
shows that most empiricdllS and functionsstudies (a) focus on issues of sustainability (out of 50
papers, 45 are (renewable) energy-related) @)dformulate policy recommendations to foster
sustainable transition. However, less than falhulate concrete policy recommendations based on
the identified bottlenecks and even less formulagsehin a very specific, directly applicable way

(Bergek, 2012). Because of this, the analyses remain underexploited for policy making.

This viewpoint paper contributes to the ongoing debate about how to trafkfat@nd functions
research findings for policy makers. We address dhestion “how to improve the relevance and
applicability of TIS and functiong research findings for the politicedrum?” To this end, we suggest

to build bridges to establishestrands of research outsideetimnovation systems literature. The
underlying assumption is that knowledge from related disciplines can enrich findings Tri@ma=d
functionsanalysis. We see room for making policy recommendations more specific and relevant by
linking the functions and thereby the identified bottlenecks,existing theories from related fields,
such as economics, organizational studies, ammbititical science. Like political science, economic
theories are a classical domain to formulate galecommendations concerned with the diffusion of
technologies. Organizational studies can also helip umderstand the inner logic of those actors in
the innovation system that play a crucial role in inducing technological change (Utterback, 1971,
Hekkert et al., 2007; Bergek et al., 2008). Furthermorefuthgionsapproach emerged from an actor-

based evolutionary perspective (Carlsson and Stankiewicz, 1991; Edquist et al., 2007).

As procedure we suggest to first conduckl& and functiongnalysis as proposed in step 1 - 6 in
Bergek et al. (2008). This yields a set of bottlgss and general policy issues (each associated to
specificfunctiony. We suggest to then introducing a sevestép, where for each identified bottleneck
(and the related policy issue) literature from,. epglitical, economic or organizational science which
is well suited to addresses the specific bottleneckasen. By applying thiieory to the bottleneck,
specific policy recommendation can be (re-)formulae exemplary apply thiseventh step to two
characteristic bottlenecks which were identifiedviio recent papers (Negro et al., 2007; Schmidt and
Dabur, 2013). Thereby we stress how economicrtéecould improve their policy recommendations.

The paper ends with suggestions for future research.
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5 Discussion and Conclusions

In the following section, | discuss first the methodological, empirical and theoretical contributions.
Then | provide implications of the thesis (in gexleind for investors and policy makers) and propose

areas for future research.

5.1 Contributions
This dissertation applies methodological pluraligmyvides new empirical data and contributes to

current debates in thES and functionbterature.

Methodological Contribution

This dissertation applies analytical and methodolégiteralism. Scholars from different theoretical
fields have stressed that the investigationcamplex problems benefits from embracing different
methods (Norgaard, 1989; Little, 1999; Kermapd Pontoglio, 2011; $&éfer et al.,, 2011). The
complexity of the phenomenon analyzed in the diaten lies in the various factors (e.g. technical,
business, social, environmental and political) thAiémce the (lack of) diffusion of RVGs. While, to
date, most studies of RVGs focus solely on technical details, costs or social aspects, this thesis takes
an integrative approach in order to address the coitylef the issue. To this end, three analytical
perspectives were introduced: the techno-econoimi&stor’'s, and innovation systems perspective
(see Section 2). To address the three perspectjuesititative and qualitattvmethods and different
primary and secondary data sources were used. Wittivaysified results | prove that analytical and
methodological pluralism indeed is beneficial forvestigating complex problems in the field of

technology diffusion.

Empirical Contribution

The empirical contribution of the dissertation is based on the provision of new (quantitative and
qualitative) data on RVGs in South East Asia. Ascdssed in the introduction, there is a very limited
amount of scientific data on RVGs so far. The quantgadata provided in literature is mostly limited

to technological data and cost analyses of etgtstriThis dissertation provides new quantitative data,
firstly, on costs of RVGs in Indonesia, and thgretxtends and updates existing, outdated, cost data
(Paper 1). Second, so far the role of variableated and fluctuating supply over the day or the season
(which is typical for intermittent renewable eggrsources) is under-researched for RVGs. The model

in Paper 1 addresses this gap by scheduling aryHoased electricity demand of a village and the
needed supply to meet it. Third, this dissertafiopvides new data on villagers’ willingness-to-pay in
rural Indonesia and thereby replaces earlier, oulddtga, or that which has been indicated by

interviewees to be unrealistic (Paper 2). Fouthtil this point, only local revenues (sales of
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electricity) have been considered in RVGeagh. This dissertation additionally introduces and

quantifies national and internatial revenue sources (Paper 2).

On the qualitative side, so far research oiGR has strongly focused on case studies of single
projects. For RVGs in South East Asia only a baaount of scientifically collected qualitative data
exists®. The data collected through the interviewsducted for the data gathering portion of this
thesis and the accessed written data (such as regpolity documentations, presentations on RVGs in
Laos and Indonesia) address tgsp and provide a new qualitatidata base for two developing

countries (Paper 2 and 3).

Contributions to theory

The thesis also contributes to conceptual enhancements in the framewdarfd functionsFrom

its inception, thel'lS and functionframework has been strongly imfoed by empirical analyses (see
e.g., Johnson & Jacobsson 2001; Bergek & Jacolid308). Hence, this thesis follows the idea that
applying the framework to a new empirical casghich significantly differs from analyzed cases — is
useful for challenging the potential to generalize élxisting theoretical framework, thereby providing
insights in the ongoing debate on how to imprav@ergek, 2012; Truffer et al., 2012; IST, 2013).
This thesis addresses five aspects of the ongoingalbgaapplying the framework to an “extreme”
case (RVGs in Laos): the set and definitionfufctions the functions’role in the system (are they
processes or are they activities?) tiole of institutions, the role of geographical aspects, and the
derivation of policy recommendations froml¢és and functiongnalysis. The following paragraphs

relate each to one aspect.

Relating to aspect one (the set and definitionguattiong, the analysis shows, first, that in the
“extreme” empirical case applied, the definition of flmaction knowledgdiffusion falls short in
explaining badly-absorbed and retained knowledde&wing from organizational science literature
and its concept of absorptive capacity (see €ahen & Levinthal 1990; Zhara & George 2002;
Todorova & Durisin 2007), | suggest adapting thiectioninto knowledge absorptioand defining it
as all processes which influence infotioa flows in networks, including thacquisition assimilation
(storage and distributionfyansformationandexploitationof knowledge (also in terms of learning by
doing, using and interacting). Second, the empirical case highlights thatnttensbear cultural
components. Understanding culture as part imdtitutions, | suggest reconsidering cultural
(institutional) aspects in the definition of eaftinction as well as taking them into account during

empirical analysis.

% However, there are a number of rapoand case studies conducted by HEraent agencies and international

organizations on the topic.
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To the debate on thieinctions’ role in the system, | add the following thought: The suggestion of
extending thdunctionknowledge diffusiono knowledge absorptiowas inspired by the concept of
dynamic capabilityn the management literature. In that literatdsggamic capabilitiesre defined on
the firm level as the ability to “integrate, build, amtonfigure internal and external competencies to
address rapidly changing environments” and éhgrbecome a source of competitive advantage
(Teece et al. 1999, p.516). Gavetti and colleagues (206&jine firms as complex “systems of
coordinated action” (March and Simon, 1993, p.2). Sin@larity of this definition to the definition of
TIS as “dynamic network of agents interactingCarlsson & Stankiewicz 1991, p.93) raises the

question of whether thieinctions’role can be understood dgnamic capabilities at the system |éYel

Adding to the discussion of the role of institutions in T8 and functiongramework, | recommend
strengthening the cultural aspects in dedinition of the structural elemeintstitutions.Conceptually,
so far no consensus on the definitionirgdtitutionshas been reached in thié&S community. Hence,
the cultural aspect of institutionsspecially, is neglected in théS and functionframework, but also

in studies applying it.

So far in empirical research, the choicegebgraphicallevels has been guided by the location of the
technology source and use (Binz et al., 208&hmidt and Dabur, 2013). | recommend, however,
considering all relevant institutior{gcluding cultural aspects, see above), along with the value chain
of the technology and the location ot@s and networks, in the choice ggographicallevels. With

this | support earlier claims bylS scholars who conceptually (Coenen et al., 2012) and empirically
(Binz et al., 2012; Schmidt and Dabur, 2013) suggest dpatial/geographicalspects in thdl1S

framework should be considered more explicitly.

Regarding the fifth aspect, | found, in Paper 4, #sagjood as the framework is to identify bottlenecks

in the system; it remains unspecific in providingdgunce to derive specific implications for policy
making. A review of recent empirical work shotirst so far conclusionsn policy recommendations

are rather generic and too broad, if existatgall (see also Bélis-Bergouignan and Levy, 2010;
Jacobsson and Karltorp, 2012). Therefore my lasiceptual contribution (presented in Paper 4 in
Annex |) addresses this ddpl suggest to add a seventh step to Bergek (2008)’s scheme of analysis.
In this step | propose — instead of directly deriving policy recommendations from identified

bottlenecks — to draw from further literature tepecifically addresses each identified bottleneck and

% The authors belong to the so-called Carnegie school, whishhigaly influential in the deelopment of the concept of
dynamic capabilities.

“1 First attempts in a similar direction, for example bfirdeg system resources (Markard and Worch, 2009), have been
made and suggest that thigy indeed be possible.

42 30 far, hardly any empiricatudies make cultural aspects explicit — fooaarview of these studies see Bergek (2012) and
Truffer et al. (2012).

“3In this gap | refer to step six in Bedget al. (2008)’s scheme of analysis.
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to combine the findings from th&lS and functionsanalysis with these insights. This can either
directly result in more specific policy recommendas or lead to questions, which — in a second

iterative step — could then be addresgiednterviews with actors in thEIS.

5.2 Implications of dissertation

Although the findings of this dissertation are basedndonesia and Laos, some general implications
and recommendations for investors, and policymé'keem be derived. In the next sections | discuss,
first, why the diffusion rates of RVGs in developing countries are lowand secondhow the

diffusion of RVGs in developing countries can be advanceuly investors and policy makers.

General reasons for the low diffusion sgEnewable energy-based village grids

As discussed in the introduction, RVGs are cozr®d the best off-grid solution to contribute to
poverty reduction among rural poor in developimgiries at low (or no) environmental cost, and
thereby contribute to the fulfillment of the MDGs and SGakada and Charles, 2007; Legros et al.,
2009; UNDP, 2011)Despite this strong argument in fawdrRVGs, they have barely diffused.

Techno-economic theory states that the diffusion of the lowest cost technology is most likely. Taking a
techno-economic perspective to explain this lack of diffusion, the assumption is made that RVGs do
not diffuse because they are not thedst cost alternative for rural electrification. The comparison of
RVGs and alternative rural electrification appreaxlin terms of costs in Figure 8 shows, however,
that RVGs can be the most cost-competitive sotufivhen not considering lso lanterns which have

a different value proposition by providing light onlystead of electricity). RVGSs’ competitiveness
strongly depends on country specific data (e.geibgewable energy resources) and the remoteness of
the to-be-electrified village (Roland and Glania, 20Ra&per 1), which is indicated by the heights of

the columns in Figure 8. While grid extension céferoa very low cost solution in areas close to the
grid, for more remote villages, prices for grid edi®n rise quickly. In these regions, other options are
more likely to diffuse (at least from a techno-econopgcspective). While grid extension and diesel-
based village grid costs heavily depend on distatieeost of household-based systems and RVGs
mostly depends on the used RET. Therefore, tiseme single technology which has an absolute cost
advantage over the others at every location (excepdiar lanterns which are limited in their use).

Hence, costs alone do not explain the low diffusion of RVGs in developing countries.

a4 Depending on their field of expertise, development specia@isbe informed by both imphtions for investors and/or
policy makers.
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Figure 8— Illustrative ** comparison of cost ranges for different rural electrification approachesindicated in
EUR/month/household (own graph basedlenrado et al., 2008; Holland and Dgshire, 2009; LIRE and Helvetas Laos,
2011; OECDI/IEA, 2011; van Mansvelt, 2011; Bardou#ital., 2012; Sus#o, 2012, Paper 1).
Despite competitive prices in remote areas, the glffurates of RVGs remain low, which indicates
that there are other factors that hinder thdiffusion. Combining findings from the investor's
perspective and the innovation systems perspedt@)clude that one important aspect seems to be
complexity. This complexity is composed of tecaliand non-technical factors. First, the technical
complexity influences a technology’s diffusion, esially in developing countries where knowledge
on complex technologies is limited. RVG-relatatbwledge is limited in developing countries as it
barely diffuses into the country, and even less théorural areas, and is — if diffused — not retained.
This (local) technological complexity of RVGs is drivby the fact that RVGs are not a simple stand-
alone product (such as solar lanterns), with fewminterfaces with other technologies. RVGs belong
to the category of complex products and systenubidy, 1998), because they require a fair amount
of customized and high-tech components (whidiimjuishes them from diesel-based village grids)
and certain knowledge and skills. ditionally, they are typically ipplemented in “small batches” in a
project-based form for a single village. Using the classification by Tushman and Rosenkopf (1992), a
RVG therefore can be regarded as a small open assembled system . Figure 9 compares RVGs’ (local)
technological complexity to the complexity of altative rural electrification approaches. To classify a
technology’s complexity, Tushman and Rosenkopf (189 finitions of closed and open assembled

systems are used.

4 Comparing costs between the approaches is challenging, siacin the case of solar lanterns and household-based
systems, often only initial costs are indicated, whereas village grids and grid costs are usually calculated on a USD/kWh
basis. Therefore this Figure is illustrative.
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Figure 9— (Local) technological complexity of different rural electrification approaches
following Tushman and Rosenkopf (1992)

Solar lantern have the lowest (local) technological cdaxity, and are therefore likely to diffuse
quickly. This prediction is confirmed by thecieasing number of solar lantern entrepreneurs in
developing countries around the world (Aron et 2009; Bardouille et al., 2012). However, their
contribution to theMDGs andSDGsis limited (Adkins et al., 2010; Hong and Abe, 2012). They also
cannot grant access to electritityo their users. Therefore therealso a high probability that they
will soon be replaced or updated by one of the rotheal electrification approaches. Grid extension
too has relatively low complexity since it basicaligds a “simple electricity line” to an already
existing grid. This explains why governments amdanizations such as e.g. the World Bank often
prefer extending the grid to other options; it keepsmexity (and therefore risks) low. However, as
seen in Figure 8, depending on the remoteness ofiltage to-be-electrified, costs are immense. In
such areas, it is probable that household-basstrsy(such as solar home systems) would diffuse
first, followed by diesel-based village grids an¥®&s. This explains the high numbers of social
entrepreneurs in the household-based system lsgs{Aeon et al., 2009; Bardouille et al., 2012) and

the lack of such entrepreneurs in the RVG sector.

Non-technological factors add to this technologmainplexity. For example, cultural factors have a
pervasive influence on the diffusion of RVGssi®wn in Paper 3. Tushman and Rosenkopf (1992,
p.331) state that it is “the interaction of technioptions with organizationand interorganizations

dynamics that shapes the actual path of technological progress” and that “the greater a product’s

8 Another common rural electrification appah is (more efficient) cook stoves. Thaxe also classified as simple closed
assembled systems and therefore canrbiesly interpreted as solar lanterimsterms of complexity and diffusion.

47 Some solar lanterns have abile charging feature, but do not providid#ional electricity forother household purposes.
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technical uncertainty [shaped by a technology’s @wiumhary cycle and technological complexity] the
greater the intrusion of non-technical factors i pinoduct’s evolution.” In the case of RVGs the non-
technical factors are manifold and includeg.e.high cultural diversity among end-consumers,

community decision models in villages and uncertain legal framef{forks

Therefore, even if RVGSs’ contribution to povergduction is bigger than the contribution of solar
lanterns’ and household-based systems, due to their high technological and non-technological

complexity RVGs are the least probable ibfaral electrification approaches to diffuse.

At this point, allow me to reflect on the origiredsumption of this thesis, namely that RVGs are the
most appropriate rural electrification approach. evHooking at the different rural electrification
approaches in terms of poverty reduction, RV@gether with diesel-based village grids and grid
extension, offer the highest potential for productive aslow environmental cost. Combining this fact

with the finding from Paper 1 and 2, | find that RvV@® the most cost-efficient rural electrification
approach, meaning that they offer the highgstential for productive use (and thereby poverty
reduction) per cost (see Figure 10). Thereby | agree that RVGs are desirable in terms of the MDGs and
SDGs. However, these are not the only factors which influence RVGs'’ diffusion. Paper 3 indicates
that the (local) technological complexity of RV@squires villagers to absorb a lot of technical
knowledge. Passing technical knowledgem the international (and natidipdevel to the local level
remains a challenge. Other rural electrification approaches require less technical knowledge by the

villagers, and are therefore often more eadiffused as qualitatively shown in Figure 10.

. & r P
= =, 7

Solar lantern Household-based Diesel-based village RVG Grid extension
system grid
Poverty reduction /
potential

Local tech.
complexity :
village's absorptive
capacity

Figure 10 — Qualitative comparison of different rural electrification approachesn terms of poverty reduction

potential, cost of electricity productioand local technological complexity (respe required absorptive capacity by the

village).

“8 The non-technological factors apply to different etgeo other rural electitfation approaches too.
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With regards to the thesis’ original assumptionconclude that the choice of the appropriate
technology remains a trade-off between socimremic development goals of the country (e.g.
poverty reduction), environmentabmsiderations, the cost of electricity production, and the local
technological and non- technological complexity (¢hg. educational, cultural and social situation in
the respective village). Therefore, a sound assessm#érg situation of the village-to-be-electrified is
the first step. If RVGs are identified as the mogprapriate technology, special attention has to be
paid to technical and non-technical complexity aspécthe next section provides an overview of

what the complexity issue implies for practitioners.

Implications for investors

Even if the profitability of RVGs is given, westors refrain from getting involved. The underlying
reason lies in the technological and non-technolotlicamplexity of RVGs. This complexity leads to
various barriers. The barriers increase the probabilityegfative events in the future and thus imply

various risks for investors.

Besides the technological complexity of the RVGs, an important aspect of non-technological
complexity from an investor's viewpoint is géhwide array of involved stakeholders, potentially
villagers, governments, developmt cooperation organizations and private sector actors. These
stakeholders have different aitidins and cultural backgrounds. FHarestors it raises the probability

that a negative event will occur: For example wharinvestor does not meet villagers’ expectations
regarding electricity supply and costs, develepincooperation organizations become competitors
(e.g. by employing sponsored RVGSs), or whenateady uncertain legal framework is changed (The
World Bank, 2013a). Investors are therefore chabentp manage resulting risks by addressing the
underlying barriers. In the case of RVGs, barriers occur on diffgreergraphicallevels and affect
different parts of an investor's business model @aper 2 in Annex I). Two potential solutions for

investors are as follows.

First, investors can address stakeholder-based barriers by managing their stakeholders actively. This
requires, among others, locahfpuage and cultural capabilities in order to understand stakeholders’
(e.g. villagers’) points of view in the first placeycathen to deal with potential barriers accordingly.

The challenge is that acquiring these capabdits costly (transaction costs may rise).

9 One option to reduce (local) technologicamplexity, might be to introduce RVGs #tages; First, rural electrification
starts by introducing means of less complex technologlieb as household-based systéthen, these household-based
systems are slowly clustered to smaller, independent and more complex RVGs.

%0 Non-technological complexity, from amvestor's viewpoint, refers, for exaneplto the various stakeholders, and

institutional (cultural) settings that an investor has to deal with.
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Second, due to the high cultural diversity, differesin the availability of renewable energy resources
and the political uniqueness of each country and withimtries (compare the case of Laos in Paper 3

in Annex |), there is no singleasidard design for RVGs which cée scaled up with low efforts.
Spillover effects are small since each RVG hadvedodesigned for the inddual village and this
design ideally incorporates cultural aspects andpoatly technological ones. Investors can increase
spillover effects by translating between cultures and by making the technology and associated
knowledge accessible to more cultures (e.g. by giogi information documents for villagers in

pictures instead of texts).

This highly complex situation, which requirestive stakeholder management and limits spillover
effects, explains the reluctantvislvement of the private sector tihe diffusion of RVGs. While some
challenges still can be addressed by the investamselves, in other areas policy intervention is

required.

Implications for policy makers

If policy makers wish to attract engagement of private actors in rural electrification (and especially
RVGSs), the consideration of different perspectiwesKemp and Pontoglio (2011) suggest, allows for
“rounder” policy implications. In thishesis therefore, the techno-econdthjwerspective, and partly

also the investor’s perspective, inform policy maken the effects of monetary support or incentives
for a technology. The innovation systems perspecénd parts of the barrier analysis (investor's
perspective) paint a more colorful picture oflipp issues than the techno-economic perspective,

especially by pointing at non-monetary hurdles for the diffusion of RVGs.

Most importantly, the reduction of complexity isnain issue in the diffusion of RVGs as they do
poorly in this area compared &lternative rural electrification appaches. Therefore, ideally, policy
intervention should not add to the already existimmplexity, but reduce complexity. Two central
guestions to this end are: first, how much finahsupport should policy makers grant to RVGs and,
second, how can policy intervene to reduce comiylériother ways? | address these two questions
by referring to thegeographicallevels {nternational national andlocal) where support can come

from, and where it intervenes.

Regarding the question of how much finanabport policy makers should grant to RVGs, the
following factors come into play. Today, diesel and electricity subsidies are widely spread in
developing countries and hinder the diffusion &TR (OECD/IEA, 2011; Schmidt et al., 2012). As

shown for the case of Indonesia, the competiggsnof RVG's is reduced by these high diesel and

®1In terms of concrete policy recommetidas, the most concrete results areatistd from the techneeonomic perspective
since, especially in the innovation sysis perspective, deriving concrete ppliecommendations is subject to current

studies.
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electricity subsidies. National policy making caalance this uneven situation by, for example,
providing additional subsidies forBH's, or removing or redistributing current diesel and electricity
subsidie¥. While the specific recommendations, which tanderived in this regard from the results
of Paper 1, apply to Indonesia, recommendationstfter countries should be based on a country- and

location-specific analysis.

Regarding the question of other potential methoidpolicy intervention besides financial support,
there are alternative ways for policy makers to reduce complexity and increase the diffusion of RVGs.
First, national policy makers should reduce the complexity in governmental structures. Today,
different governmental departments are often resplengor rural electrification, e.g. the energy
department and the social development depantinvehich both conduct ingendent programs. This
recommendation goes hand in hand with the sume$o develop a stringent national strategy to
foster rural electrification which is aligned withe country’s environmental, social and economic
development strategy. Such a strategy ensureggopeful spending of publ financial resources.
Second, to connect villages and international actors (in other words, to linkdhleand the
international level), national governments could act as translators (of languages but also cultural
customs) and thereby help investors scaling @ir thusinesses within the country. Third, in even
more general terms, a good natibrducational system, including professional training (often also
refer to as capability building), incubation of indiedtdevelopment in terms of entrepreneurship and
productive activities in villages (local level) (Parkiet al., 2013) and facilitated local banking and
access to micro finance for villagers (see also #igr2011; Bhattacharyya, 2013) are measures that
support the above mentioned efforts and contributihénlong-term to self-dependent rural areas in
developing countries. Fourth and finallinternational policy makers can also contribute to the
diffusion of RVGs by fostering knowledge shariaigd technology transfer with developing countries

and support the creation of a carbon market (CDM/PoA) in the long-term.

To summarize, national policy makers should considaroving or redistributing fuel and electricity
subsidies, define and implement a stringent retacttrification strategy, take on a translator role
between their rural population and internatiomators by being aware of the different cultural
backgrounds and other institutior@d invest in the country’s educational system. By these means a

government can reduce barriers which will reduce complexity.

5.3 Limitations and future research
Five fields of future research are proposedhe two first are informed by limitations of the

dissertation, whereas the others are based on findings of the dissertation.

52 For an overview of different types of sulisilin rural electrification see Zerriffi (2011).
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First, while in the techno-economic perspectivel-eansumers are represented by their electricity
demand, in the investor's perspective they are asamrevenue source and potential risk (e.qg. if they
are not able to pay their electricity bills), andhe innovation systems perspective they, so far, have
been viewed from a producer perspective only (Ddveaid Truffer, 2011). None of the perspectives
investigated in this dissertation has a strong endwoasfocus. However, diffusion of technologies,
especially those with sociakpects (such as providing rural poor veikctricity in order to ameliorate
their living standards), heavily depends on endsumer acceptance (see e.g., Rogers, 2003). |

therefore suggest investigatingtiole of end-consumers in thé&S and functionframework.

Another limitation of this thesis is that the i@o-economic and investor’s perspective are researched
in Indonesia and the innovation systems perspectitadas. While this provided insights into country
differences, it is as if ‘sibling elephants’ weresearched, and therefore we do not “see the whole
elephant”. To provide more consistent anddfic recommendations | recommend applying these (or
slightly different) perspectives to the diffusionafechnology in a single country (the ‘elephant’ as in

Kemp and Pontoglio; 2011).

Third, in the innovation systems literature, tNational/Regional Innovation System investigates
innovation in an entire country/region. When cottihg the analysis on RVGs in Laos, | observed
that remote villages work as, to some extent, agled sub-systems of a country. Especially when it
comes to questions on how to socially and econdinidavelop such a village (typical questions in
development cooperation), researching a village ¥dlage Innovation Systeroould be productive.
From there, specific development and policy reotendations could be deed and allow for more

holistic, purposeful driven development programs.

Fourth, following our suggestions in Paper 4, #malysis in Paper 3 could be extended by an
additional step. In this step the specific bottlenegksid be re-investigated by applying strands of
knowledge from related disciplineBepending on the bottleneck,c@omics, organizational, and/or

political science would be applied. Through tpi®cedure, more specific policy recommendations

could be derived.

Finally, diffusion rates of RVGs might increas#ien less complex technologies such as household-
based systems (e.g. solar home systems) are gradually clustered to slowly create larger, more complex
systems, RVGs. Understanding if such an approach leads to higher diffusion rates of complex systems,
than if complex systems are diffused directhwould confirm the dissertations finding that
technological and non-technological complexitpders the diffusion of a RVGs and provide new

insights into diffusion processes.
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6 Overview of the Papers

All four papers are included in Annex |. Theopided versions are current as of April 28, 2013, as
published or as submitted to the respective journaboference (in case of Paper 4). Table 4 provides

an overview.

Table 4 — Overview over the four papers

Techno-economic

perspective

LCOE of RVGs

Investor's

perspective

Risk/return profile of RVGs

Innovation systems

perspective

A) TIS and functions
framework applied to an
LExtreme" case

B) Improvement of policy
recommendations of
TIS and functions
framework

RVG=renewable energy-based village grid, TIS = Technological Innovation System
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Abstract

Isolated grids in rural areas powered by independent renewable energy sources (‘renewable energy based village
grids’) are widely cosidered a clean and sustainable solution for Indonesia’s rural electrification challenge.
Despite the advantages of renewable energy based village grids, the number of conventional rural electrification
solutions — such as costly grid extension (ayrid) or diesel powered village grids (edfrid) which are
characterized by high operating costs and high greenhouse gas emissiomsch larger One reason for the

low diffusion of renewable energy based village grids can be attributed to the lack of private sector investments,
leaving the responsibility of rural electrification predominantly on the shoulders of the government who often
prefer the centralized and conventional solutidresbetter understand this situation in this paper we perform a
literaturereview on the economics of renewable energy based villageigriddonesiawhich reveals a gap in
termsof costdata. Thereforewe calculate the levelized cost of electricity (LCOE) of solar photovoltaic (solar

PV) and micro hydro powered village grids, and compare them to the conventional diesel solution. For solar PV,
we additionally investigate different system configurations including a reduced supply contingency and a
hybridization approach. Finally, we determine the,@@ission abatement costs and reduction potentials. Our
results show that micro hydro powered village grids are more competitive than diesel powered ¢atugass

when taking out Diesel and other subsidi&)lar PV powered solutions increase their competitiveness with the
remoteness of the village grid is and when reduced supply contingency is applied. From an environmental
perspective, micro hydro powest village grid solutions are found to have negative abatement costs with
significant potential to reduce emissions. We conclude by discussing our results addressing the question which

measures could support private investments into renewable dresggvillage grids.



1 Introduction

As an emerging economy Indonesia needs to respond tofemdted challergs in its growing energy sector.

This includes providing modern energy services to the poor, reducing oil dependency, and decoupling economic
growth fom greenhouse gas emissiofis3]. Today Indonesia’s electrification rate is 71%4]. Of the
remaining 29%, abow0% reside in rural areas and abnhall outside of the most populated islands, Java and
Bali [3, 5]. Most of Indonesia’s poor are living in regions which are difficult to access; either located in the
countryside or on small islands, and thereforeythave limited access to reliable and affordable electricity

servicesAt the same time, rural electricity demand is rapidly groiing

Currently, the responsibilities for electrification are borne almost solely by theostatal utility Perusahaan
Listrik Negara (PLN), which owns and operates the country’s entire transmission and distribution network, as
well as a large proportion of the generation plants. PLN itself has long faced many challenges associated with
being the dominant actor in the monopeli electricity sector. Firsthe expansion of the electricity network is

very capitalintensive due to the geographically challenging nature of the archipelagos of Indonesia. Options for
grid extension to remote areas or deployment of submarine caltesemote islands are typically very
expensive[6] . Second a large proportion of PLN’s budget is dedicated to relieving the pressure of aging
infrastructure, leaving little allowance for access exparisibespite these facts, some remote rural areas are
already being electrified by the PLMet these electrification attempts are mainly based on diesel generators.
Third, the Indonesian low grid electricity tariff is set by the government, in a bid to provide affordable electricity
to the general population. This eventually caps PLN’s revenue from electricity sales, making it difficult to

recover the high production and distribution c¢sts].

Recognizing the urge for electricity access in remote areas and for replacing conventional by renewable energy
sources, the Government of Indonesia recently set the target of 90% electrification by 2020, as a stsbset of
“Vision 2025: Building New Indonesia stratedyand aims at implementing policies which foster renewable
energy technologies. In recent years, a number of promising reforms have taken place desigritdthe
participation of local government and the private sector in renewable energy based rural electrification efforts.
This includes amongsegulations on small scale power purchase agreeff@nigoposed US$43mprogram to

increase renewableased rural electrification and reduce diesel cohtemtframework which coordinates
budgetary contribution of central and local governments to rural electrification advand8mkdt 11] and a

1000 remotésland PV electrification prografiO].

! Thisnumber reflects general access to electricity, but does not reflect the quantity and quality of the accessed electricity.

2 PLN's projections and indings from our own irdepth interviews with a number of Indonesian renewehkrgy based rural
electrification project developersuggest that demand growth is expected to be 10% per year unt{lr2D18

% PLN's 2009- 2018 supply plan outlines a proposed spending of $32b in gamerdti4b in transmission and $13b in distribufica].

4 Vision 2025 Building New Indonesia lists a set of targets to achieve by 2025 focusing in the areas of economics, piaity,eaad
equal access to vital utilities across the naffr@).

° Diesel currently serves as the conventional solution for remote rural electrification dueptrcisvedlow cost, scalability and
accessibility. PLN statistics show that they operate 936 decentralized diesel power plants &lIKW}-with a total capaty of 987MW

across Indonesi@4].



Due to its geography, most netectrified villages in Indonesia are too remote, complex and expensive for grid
extension to take plakeHence, offgrid solutions (predominantly diesel) become the basic electrification
solution for these area8.s an alternative tdiese| renewable energy based village grids widely considered

as a feasible solution to improve rural electrification access which provides a platform to encourage rural
economic grath [11-14] and do not result in additiongteenhouse gasmissiong15]. However, @spite the
aforementioned efforts in improving rural electrification access and the benefits of renewable energy based
village grids, only a small number have been realized. Efforts are still needed to sttaediffusion of these

solutions.

Accordingto Indonesian rural electricity practitionef@ho we interviewed during our studyhvestments in

remote renewable energy based rural electrificatoe almost entirely dependent from grants or charities from
socially-inclined private organizationagde from PLN Theliteraturereview we perfornfsee Section Preveals

a lack ofdata on theeconomicsof renewable energy based village gridsindonesia making it difficult for

decision makers to implement measures that foster their diffusion and attract private investments. In this study,
we therefore addresthis data gap by tacklinghe following main research questiortiow competitive are

isolated reewable energy based village grid solutiocmmpared to the standambnventional solution?
Specifically, we analyze two suesearch questionfirst, what are the leslized costs of electricity generati

(LCOE) of various solutions? and secondhaivarethe costs and potentials of g&missiam abatement of these

solutions?

To this endfirst, wedevelop two electricitylemand scenarios for a generic Indonesian villegfeected through
daily load profiles Second, we design standalone conventional, renewable and hybrid power gepgsitins
to supply the villagayrid. Third, we calculatehe LCOE for the baseline (conventional dieggwered village
grid) and compare it tdifferentmicro hydro powerednd solar P\powered solutiong-ourth, wecalculate the
abatement cost (AC) and emissieuuction potentialsf the renewablenergy based artie hybrid solutions

compared to the dieskhseline.

The paper is structured as followgvhile Section 2 reviews recent literature on the economics of RVGs in
Indonesia Section 3 describes the methagpliedin the study. This includes the quantitative approach to
estimating Indonesian village electricity demand estimation, genegdtiohtechnical paramet sizing and the
calculation of LCOE AC and emission reduction potentiaBecton 4 outlines the results of our techno

economic model, followed bydiscussiorand conclusioin Section5.

2 Literature review on the economicof RVGsin Indonesia

A review of literature published in the past five yeargtmeconomics of RVG&r micro/mini-/islandgrids)

in Indonesiaresulted ineightdocuments (including scientific articles, reports and a presentafibepverview

¢ Based on our Indonesian field interviewigh practitionersthe ideal distance between independent power sptart PLNs grid needs to
be between 5 20km to guarantee project profitability



given in Table 1showsthat the eight papers differ regarding several aspects, ia.derms oftechnologies

consideredr economidndicator§) provided.

Table 1 | Overview of studies investigating the economics of RVGs in Indonesia

Authors (Year) Model Renewable Conventional Economic Details  of calculation
(Generic Energy source to power village indicator (s) provided
VS. grids
Specific)
USAID (2007) Generic Solar PV Diesel Estimated No
[16] Micro hydro generation costs
Biomass
Holland & Specific Solar PV Diesel LCOE Yes
Derbyshire (2009) Micro hydro
[6] Biomass
Wind
Geothermal
Hybrid: Diesel/wind/battery
Feibel (2010) no Model Micro hydro none Cash flow No calculation, but primary
[17] data of real projects
Tumiwa and no Model Micro hydro none Investment  costs No calculation, but primary
Rambitan (2010) and real net profit data of real projects
(18]
van der Veen Specific Solar PV Diesel Generation cost Yes
(2011) Hydro
[19] Biomass
Wind
Abraham et al. No Model Solar PV Diesel LCOE LCOE: No
(2012) (LCOE) Micro hydro (un- and
[20] Biomass subsidized) Internal  Rate of IRR, NPV: Yes
Specific wind Return (IRR), Net
(IRR, NPV) Present Value
(NPV)
Hivos (2012) no Model Micro hydro Diesel Generation costs No calculation, but
[21] secondary data
van Ruijven et al. Generic Hybrid: Wind/diesel Generation costs Yes
(2012)
[22]

Out of the eight studies, Feibel [1&hd Tumiwa and Rambitan [1Btovidecost performance data five real

life micro hydro based villaggridsin Indonesia. Both studies do not compare RVG coshéaonventional

diesel based solutiorContrarily, Abraham and colleagues [2@hd Hivos[21], while also referring to real

projectdatg perform comparisons d¥VGs and conventional village griblutions (iesetbased) sourcedrom

primary and secondary dafehe remaining four studiesme based on techreronomicmodels USAID [16] lists

in-houseestimates of generation costs for differeunal electrification optionsin a report from 200%olland

and Derbyshird6] calculatethe LCOE for different electrification options, among them RVGs, and compare

4



themto the LCOE of gridextensionHowever, as bothepors werewritten in 2007and 2009 respectivelgost

data might be outdated due to fast cost reductions of renewable energy technologies in recéraryabms.
Veen [19] investigatesthe leastcost irvestmet options toelectrify the island of Sumbdbased on100%
renewable energgources While the study focuses on a larger island grid and does not explicitly calculate
generation costs for village grids, some resultstilecomparable twillage grids as the sizes of singhstalled
plants partlymatch village grid requirements. Fingllyan Ruijven and colleagug22] model global rural
electrification trends and investment requiremeamdalso apply their model teeveral regions and countHes
including IndonesiaTo do so.they calculate(amongst others) the generation cost of wind/diesel based village
gridsand compare it to gribased electricityn a generic model

While the above literature is very valuable for understanding the economics of rural electrificatidonesia,

we see four reasons why further work is requifést, the role of variable demand and fluctuatsugplyover

the day or the seasdwhich is typical forintermittent renewable energy sources) is unideearched. Of the
eightstudies only van der \éen[19] matches hourly demand curveih hourly supply— however on a larger
island grid level. Second, theole of different electrification scenarios reflecting different economic
developmentswhich is especially impoant from a policy perspective, needs more attention. Only van Ruijven
and colleagues [24put only for a wind/diesehybrid systempnd van der Vae[19] (again for the island) look
into different demand developments. Thittle competitiveness of RVGs compared to diesel generators is
strongly influenced by the sliance of the village to the diesel source and the electricity grid. Only Holland &
Derbyshire[6] include the distance aspect explicitly (however, their cost assumptions might be outdated).
Fourth, the role of subsidies for diesel, which is @lwihen comparing RVGs to the conventional diesel based
solution, has to be scrutinized in more detail. Only Abraham and colleagues [B@jr presentation provide
numbers on the role of subsidies but do not provide a model.fdteria the remainder of the paper we will
calculate the LCOE of different R\&&onsidering all four aspects simultaneously. In Sectio 4vill compare

our modellingresults with the datprovidedby the above studies

3 Method and Data

We answer the research question in a four step approachig¢see 1, based on the principals of matching the
demand side to the supply side model of a rural electricity sector in a generic Indonesian village. In step one, we
estimate the electricity demand the generic Indonesian village. For this village two electrificatioenscios

and different endiser consumer sectoase consideredn steps 24, we model the three supply side variables
(power generation system capacities, LC&1d abatement co}tfor conventional, renewable energy based and
hybrid village grié. In sep twg we modelthe capacities of conventional (baseline), renewable and hybrid
electricity systems such that they meet the demands modelled in step one. In stepelpedorm a cet
analysis in which we consider capital expenditures (equipment investment, engineering, civil, construction and
physical contingency), operating and maintenance expenditures (fixed and variable) of eacfil3y&8jrand
appropriate discount and inflation rates. This step results in LCOE for eacindlsoenario and each power
generation system and with this addresses theesdarch question 1. In step four, we calculate the abatement
costof the renewable and hybrid options compared to the conventional baselingth this target sutesearch

guesion 2 The method and data section is structured along these four steps.
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Figure 1 | Overview of research outline Step 1.Demand model which calculates the village electricity load profile, based

on a basic and an advanced electrification scenarios Step 2. Determination of required power generation system capacities to
meet village electricity demand according to the loadiles and scenarios. We consider conventional (baseline), renewable
energy based and hybrid village grids. Step 3. Calculation of LCOE for both electrification scenarios for all power generation
options. This step answers to s@isearch question 1. StépCalculation of emissions abatement costs from implementation

of renewable energy based and hybrid village grids. This step answers to sub-research question 2.

3.1 Electricity Load Profiles

In the first step we estimate the village electricity demand byidgfithe size of a generic Indonesian village,

two electrification strategiesandthe correspondingillage load profils. Based on a study of 10 remote, un-
electrified villages in Sulawesi and Sumajt&] and our own investigations during field visitdshe size of a
genericvillage is estimated to establish a baseline of a typical Indonesian village. Our generic village consists o
1475 people in 350 householddth 4.5 people per household on average

While previous rural electrification studies have typically only considéouseholelectricity demandl13, 14}
to reflect the variability of villages across Indonesia imcdrporatepotentialdemand growth for rural electricity
(comparevan der Veen[19]), we define two types of electrificationscenariosas classified in Table,2

considering three categories of emgskr consumers: household, productive use and social infrastructure



Table 2 | Two types of rural village electrification scenarargconsideredn this studyto reflect the variability of villages

across Indonesia

Scenario A Scenario B
Basic Electrification Advanced Electrification

Overview of village Remote rural village, with agriculture as the main  Rural village with established or growing
economic activity. economic activities, beyond agriculture.

Power  availability Electricity is available 18:00 — 06:00 for: Electricity is available 24 hours for:

and end- consumer X  Household sector (night) X  Household sector (day and night)

sectors X  Productive use (majority during daytime)

x  Social infrastructure (majority during
daytime)

Based on the proposed electrification scenaidoshe generic villagein the next step we determine tload
profile for both scenariof\s meters are often not employed in smalt@ffl electricity networks there is a lack

of empirical data on electricity consumption from Indonesian villd@d$. Therebre, the load profile is
estimated by determining the demand for electricity for eachusadcategoryat hourly intervals during
typical day. The demand for electricity is estimated by identifying the electricity appliances required by
consumers in eécendusercategoryand the times of usageAll assumptions to the demand model side are

outlined inAppendix B based on previous studies and own Indonesian fieldnvestigations and interviews.

For scenario Awhichis intended to serve remote rural villages with only the household sector as -iiseesd
the electricity demand per household is outlimedppendix B The village’s total daily electricity consumption
accounts to 162.5Wh under this scenariolhe peak demand periods for this strategy occur between 18:00 —
23:00 when villagers are home and use electricity for lighting and recregtiorpmses. During the day no

electricity demand is generated as villagers perform theiirfg activitiegseeFigurea).
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Figure 2a | Total village hourly load profile for end-user sector under Scenario Abasic electrification scenario) where
demand is requested during 15 hours per day.

" Due to the geographical location of Indonesia, we assume no seasonality effect on the demand.



For scenario Bthe household, productive use and social infrastructure sectors are consideredses<hide
total village daily electricity demand under this strgtégy the generic village is 558.5 kWh. A breakdown of
electrical appliances and power consumption for each sector is givgpéndix B The resulting hourly load

profile for both electrification strategies applied to our generic village is given in Figure 2b.
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Figure 2b | Total village hourly load profiles for each eneliser sector under Scenario Badvanced electrification

scenario) where electricity is requested during 24 hours per day.

3.2 Power Generation System Capacities

Having determined the demand for electricity in the generic Indonesian village, in the second step, we calculate
the required capacities of power generation systems to meet the electricity demand levels for each scenario as
defined in the hourlyload profiles As the village grid in question is assumed to be an isolated network,
electricity is produced independently by the power generation systems and distributed through the grid to the
enduse consumers. The results of this sizing process cdaubd in Table 3 Assumptions relevant to the

modelling of power generation system capiasiare outlined ir\ppendix A

3.2.1 Conventional (dieselpowered)village grid

The required diesel engine capacity is determined by matching the peak demand of the village for both
electrification scenarios, including the distribution losses and diesel generator system efficiereyst@imés

load factor adjusted efficiency is deplemt on thecapacity factor, which is deduced from our load préfile

The most important drawback of diesel generators is its high operating costs due to dependence to diesel fuel. In
Indonesia, this effect is even more prominent in rural areas anderéstantids where fuel prices increase with
transportation costs and distance to distribution centers. This lockpmndence factor is reflected by three

diesel retail price categories determined by the Indonesian Oil and Gas Distribution Agency (BKP°Miga

8 We calculate the hourly capacity factors based on the estimated load profile and take a daily average to obtain the overall capacity factor.
By utilising a disel engine efficiencioad map we obtain the load factor adjusted engine effici@tdy

® BHP Migas official prices show Sumatra and Nusa Tenggara prices as being the lowest (1x), compareBaio (1a94x) and Barec
SulawesiPapua (1.06x) [26] In practice, the accessible retail prices can reach up to 3.3 times officia[ pices



Therefore, as a fair proxy to reflect this locatiependence variability, we assume three categories of transport

cost variation of low (1.0x lowest official diesel price), medium (2.0x) and high (217.3x)

Furthermore, we differentiate the subzell and unsubsidized diesel prices in Indonésianpare Abraham et
al. [20]). First, we consider the discrepancy between the Indonesian diesel fuel oil prices which has remained
since 15 March 2009 at 3,578 IDiRer (0.29€,,liter) [25] with the global pice of 0.61€/litein 2012[26]. To

both prices, w also apply a diesel fuel price growth projectiaver the lifetime of the diesel power system [27,

28] (Appendix D).

3.2.2 Renewableenergy based village grids

As a first alternative to conventional dieggweredvillage grids, we consider micro hydro and solar PV/battery

based solutions.

Micro hydro

In areas with sufficient natural resources (flow rate, water availability and head), micro hydro is a proven reliable
and lowmaintenance technological option to askfr rural electrification acceg40, 15] Through our
interviews with industry practitioners, we discover that micro hydro popularitydonesia is also underpinned

by the strong local technical knowledge base, mature domestic micro hydroryindngtmanufacturing
capability. However, currently only 19% capacity of Indonesian estimated 450MW micro hydro potential have
been tapped9]*. Similarly to the estimation method for diesel, the micro hydro power plant capacity in this

study is sized such that it matches the peak load of theejilliagjuding distribution losses.

Solar PV/battery

Solar PV systemsnhich directly convert solar energy into electricibffer a number of additiondlenefits;

including high modularity, zero noise, and particularly the availability ohigh solarresources in almost all
developing countriefl2]. Previous studies have concluded that standalone solar Ryfidffietworks are still

less competitive when compared to other more mature renewable energy technologies, driven by high investment
costs[12, 22] The main challenge concerning the use of an intermittent power generation source such as solar
PV/battery is that all electricity can only be produced during day time, leaving night tirolury day
consumption reliant on battery storage. However, this peak production pattern does not match the demand curve,
where peak demand occurs at night time, where the solar PV panels do not produce efeotripiye an der
Veen[19]). For an isolated network, this significantly raises the need for bagtergge to meet electricity
demand during nodaylight hours. We assume a solar PV system configuration which consists of crystalline
silicon (cSi) based solar PV power plant connediecadvanced leadcid battery storage. The electricity
produced by solar PV panels is used directly to satisfy demanded levels of electricity at that point in time. Excess
electricity production during daylightourswill be stored, and discharged at rtigi during cloudy days to meet

the requested demand.

1% Multipliers obtained on the basis of analysis of PLN's official cost of electricity supply across the entire f@jvork
" Due to the locatiomlependence nature of micro hydro, the overall investment and O&M costs are not as scalable as diesel power plants.
As practitioners suggest from interviews we conducted, the main cost drivers areceitseuction cost (for low head situations) or

generator cost (for high head situations). However, for modeling purposes this effect is assumed negligible.



To determine the appropriate solar PV and battery system sizes, data of the solar irradiation potertial for th
target location is required. Hourlplar irradiation data from a Typical Meteorological Year (TMY) derived

from multi-year measurements is used as it provides a more robust overview of solar energy potential corrected
for a standard yedB0] *2. Our analysis based on the data set results in an average global horizontal irradiation
of 4214 Wh/m '3, We calculate the sol&V and battery system size through an optimization approach. To this
end, the sizes of the solBV field and battery capacity are optimized to reduce the LCOE of the entire system.

Completedetailson the formulation of this optimégion process are outlined Appendix E

Solar PV/battery with 90% and 80% reduced supply contingencies

To reduce the LCOE of the higher renewable energy bakkage grid solution, the solar PV/battery (see results

on Figure 4) we consider an alternative solution with reduced supply contingencies. We argue that since the
SAIDI (System Average Duration Interruption Index) of PLN is 6!981] and based m practitioners’ advice

from our own field interviewsan isolated village grid with stt00% availability can be acceptable, provided

thatit is explicitly covered in a community agreement approved by the villagéestherefore consider two

levels of rediced supply contingency approach to the sBMrconfiguration. First, under a 90% reduced supply
contingency the power generation system configuration is able to supply sufficient electricity to fully meet the
demanded levels as reflected by the loadile®fIn the remaining 36 days (10% of the days in the year), a
shortage of electricity supply may be expected. Second, under the 80% configuration, there are 72 days (20% of

the days in the year) where electricity supply shortage may be expected.

To estimate the 90% configuration, using TMY data we rank and omit the worst 3®fdiagliation (below

3633 Wh/m). From the reduced data set, we select the four worst irradiation days as a basis to determine the
appropriatesolarPV and battery capaciseto fulfil electricity demand for 329 days in the year (Bagire 3.

For the 80% configuration, we take a similar approach to the 90% reduced supply contingency approach.
However, in this case we omibrst 73 days of irradiation (below 3741 WRJrfrom the data set. Subsequently,

we size thesolarPV/battery system to fullgatisfy electricity demand for 292 days in the year Esgere 3)

12 Since no TMY data exists yet for any location in Indonesia, as a proxy we utilize TMY datacling{Malaysia) which shares the
region of nortAwestern Borneo island with Indonesia, located &8®N and 11R25'E [34].

3 This figure is only slightly lower compared to results of a simulation study for Samarinda (East Borneo) of 483[¥@yfwhich makes
our assumption conservative.

% In comparison, according to IEEE Standard 136898 the median value for North Ameah utilities SAIDI is 1.5 hours per customer

per year
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Figure 3 | TMY data [34] showing daily irradiation (Wh/m2) representing the solar potential for electricity generation.
The highlighted areas stwdfour consecutive worst days under three system configurations (100% availability, 90% and 80%
reduced supply contingencies). The solar PV and battery system capacities are determined through an optimization process

such that using available irradiatiorofn these sets of four consecutive days, village electricity demand will always be
satisfied.

3.2.3  Hybrid village grid

As a second alternative to conventibdaselpoweredvillage grids, we modeiwo hybrid optionscombining
both conventional and renewable endoggedvillage grid solutionsAs our results (Figure 4) suggest that micro
hydro already has the lowest LCOE compared to the conventional pioegeledvillage grid solution, we apply

the hybridization strategy only for solar PV powered solutions.

Solar PV / battery / diesel hybrid

In this configuration,we utilize a 50%solar PV to 50% diesel electricity production mix, complemented by
battery backup During the day solar PV panels produce electricity for immediate consumption. Whenever
excess electricity production occurs it is stored in the battery and discharged when required. A diesel generator is

available for use at any time of the day to cover shortages in electricity supply which cannot be provided through
solarPV production or dischargirtpe battery.

Solar PV / diesel hybrid

In this configuration, battery backup is eliminated and any shortage of power not supplied BVstd is

covered by diesel generator. In this configuration, we utilize a 30% Rbldo 70% diesel mix for ettricity
production[32]. Day time demand is supplied Isplar PV production and supplemented by diesel generator.
Due to absence of battery, the diessherator produces electricity to fulbypply night time electricity demand

This hybridisation strategy is applicable only for the scenario B, as scenario A does not demand electricity
during the dayThis configurationwas planned to be installed in sofeN owned and operated village grid

networks through the 1000 island program.

For all power generation systems, the results for the required capacities are outlined & Table

11



Table 3 | Resulting power generation system sizes for scenarios A and B under various configuratieestional,

renewableenergy based ardybrid village gric).

Power generation type Capacity for scenario A Capacity for scenario B
Conventional  Diesel 23.4 kW 69.6 kW
Micro hydro 23.4 KW 69.6 kW
Solar PV 62.3 kWp 232.5 kWp
Battery 300 kwWh 716 kWh
Renewable Solar PV at 90% 52.0 kWp 177.6 kWp
Battery 219 kWh 517 kWh
Solar PV at 90% 50.4 kWp 170.8 kWp
Battery 216 kWh 516 kWh
Solar PV 8.9 kWp 32.4 kWp
Battery 118.8 kWh 260.4 kWh
Hybrid Diesel 8.9 kw 32.4 kw
Solar PV - 29.8 kWp
Diesel 69.6 kW

3.3 LCOE calculation

To answer the sutesearch question 1, we calculate the LCOE fopaller generation system which had been
sized above and both electrification scenants a nonknear dynamic casflow model To assess the
generatiorcostof the conventional, renewadnd hybrid electrificationechnologiesthe LCOE arealculated.
Taking into account all discountedosts accrued throughout the system lifeting including nvestment
expenditure ¢), operations and aintenance expenditure (M and fiel expenditures (f;, divided by the
discaunted value of electricitgold during the lifetime (B. We assume that the demand is always met by the
generationThis approach is valid as the grid is isolated and electricity which is not conssialsd not sold
and therefore presents no benéfitm an economic point of view. Thaost assumptionfor all technological

options are available iAppendix C LCOE is defined as:

[€/kWh]*®

3.4  Calculation of abatement costs and savings of G@missions

To answer sulpesearch question 2, we calculate the emissions abatement costs for all reeeeahiebased
andhybrid village gridoptions and for both electrification scenaribmplementation of an alternative renewable
energy based peer generation system reduces greenhouse gas emissions that would otherwise have been caused

by a conventional diesel generation system to power the village grid. The emissions abatement costs from these

15 Calculated in €/kWh instead of USD/kWh as carbon markets are more proliferated in Europe .
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alternative technologies are defined by the diffeeeim LCOE between diesel and renewdidsed technologies

and the associated emissions relative to the diesel plant that it would d[8gladenis formula is defined as:

[€/tCO)]

Subsequently, we also calculate the savings in €fissions from opting forenewable energy based village

grid solutionsas opposed to diesel, given by the formula

[tCO./yeal

4 Results

In this section, wepresentthe results forthe LCOE and abatement costs and potentialsh®rtwo proposed
electrification scenarmand the different technological solutiofifie LCOE results are depicted in Figure 4, and

the abatement costs aanhission reduction potentials results in Figure 5

Scenario A Scenario B
PLN Retail Tariff PLN Retail Tariff
Range Range
©
‘5 Diesel Indo. fuel price
c
g World fuel price
5
o
Micro hydro

% Solar PV/| 100% supply
g Battery
% 90% supply
4

80% supply

Solar PV/|Indo. fuel price — S

Battery/

Diesel World fuel price — e
Solar PV/| Indo. fuel price
Diesel

Hybrid

World fuel price

0.0 011 012 013 014 015 016 017 018 019 0.0 011 012 oi3 oi4 015 016 017 018 019
LCOE €/kWh LCOE €/kWh

Figure 4 | LCOE for generic Indonesian village grid with various power generation configurations, applying a basic

(A) and advanad (B) electrification scenario.For each technological option, the LCOE are quantified in by the horizontal
axis in €/kWh. The black lines represent the range of LCOE for any village grid configuration with diesel components,
demonstrating the influence of fuel costs due to remoteness of the village. The most left (smallest) LCOE within a variation
represent locations close to distribution centres, the most right (highest) represent the furthest locations. Addigionally, w
compare the LCOE results to theNPretail tariff range depicted by the red vertical bars. A range of tariff exists as retail

prices differ for household, productive use and social infrastructure consumers [35]
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The first observation from Figureid that the cost of all technologidscreasesvhen advanced electrification
scenarioareappliedinstead ofbasic electrificationThis is driven by a higher capacity factor, achieved through
daytime utilization of electricity for productive use and abaifrastructure. In the basic scenario (Scenario A),

as electricity is demanded only at night time during which villagers return home, the power generation systems
are idle throughout the day and therefore no electricity can be sold. In the advanced scenario (Scenario B),
during the day the demand pattern is smoother, the power generation system never reduces to an idle state and
proportionately more electricity can be sold to multiple-asdr sectors. During the day electricity demand
predominantly coms from social infrastructure and productive use, while at night time demand stems from

household sector.

Second, we findstrong differences for the LCOE of the variosmlutions. Starting from the conventional
solution, we observe that ttaiesel poweredvillage grid option has the second lowest LCQE low and
medium remotenessyhen considering the Indonesian diesel fuel prices. However, wikeoonsider world
diesel fuel prices, the LCORre 62% higher. The dependence of diepelweredvillage grids on an external
factor— the transportation of diesel from a distribution centre to the generation afftects the operating cost
throughout its lifetimestrongly Particularly in more remote areas diesel prices can be much higher than in
distribution cetres. When considering this sensitivity to locatwes observe a large range of variation in LCOE.
For scenario Awe observe LCOE between 8.2 0.5¥/kWh (at hdonesian diesel prices) and ®3 0.84
€/kWh (at world diesel priceskor scenario Bve observe LCOE between 2.2 0.48€/kWh (Indonesia fuel
priceg and 034 — 0.79 €/kWh (world fuel price$. This is in a snilar range to the findings dflolland &
Derbyshire[6] and shows that diesgbowered village grid is the most expensive option for very remote area
application, particularly when no subsidies are assumedeimwresults by van der Veen [18]d real project
data by Hivos [21]and Abraham et al. [208how lower figures, which can be explained by the fact that the
studies neglectuture diesel price development in the case of Hijadd§ and Abraham et a[20] and lower
investmentand operational cost assumptiamsombination with a longer lifetime for the diesel generatdhe
case ofvan der Veen[19]. Furthermore,we observe no significant difference in LCOE with change in
electrification strategies. This demonstrates the scalability of the diesel generation system, wherdrbsts ar
primarily by purchase of diesel fuel and its expected price growth throughout the asset lifetime.

In the set of results for renewable energy based villagesgtidiors, we observe that icro hydro consistently
has the lowest LCOE compared tdat technologies, for both scenarios at 0.16€/kWhafid 0.14€/KWhB).
However, these resultsvhich are also very comparable to those by Holland & Derby$§bireare only valid
when sufficient hydro resources are availahl8AID [16], van der Veeri19], Hivos [21]and Abraham et al.
[20] report lower generation cost, which stems from higher capacities, favourable local spauifitsver
discount ratesSolar PVbatteryis considered to have the least restrictifor application and can be placed
almostanywhere in Indonesia due to the abundanceotdr potentia[29, 34] In alignmentwith results of
previous studiefn other countrie$10, 22,32, 33] our analysis demonstrates that sétat is howeverstill the
most expensive technological option to power village grids. For scenavm® @btain LCOE of G8 €/kwh and

for scenario B 0.5&/kWh. However, forsolarPV in scenario B we observe that the sétafbattery LCOE is
already lower than a diesel engateworld fuel prices, even at medium remote plalkcgsrestingly, these results

are higher than those obtained by Holland & Derbyshirefd@f years ago, despite tHact that PV cells
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experienced strong cost reductions, and higher than newer results by van der VE&]. The reason for this

is that we assume a higher discount rate thatl we size the system so that it can provide electricity even in the
least suny period of the yeaand therefore include large battery storage investmenévaluating the effects of
alternative configuratianto solar PV poweredvillage grids, frst, we observe the reduced supply contingency
strategy, which proves to be successful in reducing LCOE. At 90% configuiiaiduCOE of a solalPV/battery
poweredvillage grid is reduced to 0.45€/kWh (A) and 0.408h (B), indicating aotal reduction letween 21%

- 25% Furthermore, at 80% configuratiche LCOE is reduced to 0.44€/kWh (A) and 0.39€/kWh, (B)
indicating a reduction between 22927% The LCOE reduction between 100% to 90% configuration is more
effective than the step between 90% to 80%, as the worst irradiation days (mostly outliers) are already
eliminated from the calculation in the first reduced supply contingency step.

In the hybridisation strategfirstly, for solarPV/battery/diesel hybrid configuration, scenarisesults in LCOE

ranging from 035 — 058 €/kWh (at Indonesian diesel prices) indicating an average reduction of 17% compared
to the originalsolarPV/battery configuratiomnd only 4% higher than diegsimilar to Holland & Derbyshire’s
results[6]). At world prices the LCOE of this configuration is 6.4 0.87€/kWh. This demonstrates that in
locations close to diesel distribution centres, such configuration may increase the competitivenka$df
poweredvillage grids compared to a solar PV/batteoyfiguration. However it is not ideal and relatively more
expensive for application in more remote areas due to increased transportatafrdess For scenario Bthe
solarPV/battery/diesel hybrid proves to be even more expensive than standalori®/4btery wih relatively

higher LCOE of 0.8 — 0.49€/kWh (Indonesiarfiuel price$ and 0.38- 0.72€/kWh (worldfuel price3. Secondly

the results for the solar PV/diesel hybrid village gB88% solar PV and 70% diesél, the results for advanced
electrification strategy are slightimore competitive thasolar PV/battery/dieselVe observe LCOE between
0.25- 0.48 €/kWh (Indonesiafuel price3 and 0.35 -0.77 (world fuelprices).Hybrid technologies which
combine diesehnd solar PV are only cheaper than pure solar PV/battery options, if diesel subsidies are assumed
and/or the village location is not remote. Their application might be interesting in places where diesel generators
already exist but more generation capaidtneeded due to the development of the village.

By law, all endusers to the PLN grid are entitled to the official PLN tariffs. For completeness, we compare the
LCOE of the village grids to PLN retail tariffs (red band in Figure 4). PLN tariffs diffeoraing to the endse
category as determined by Ministerial Decree 4/2f35). On average the lowest tariff is for consumers in the
social sector (0.06€/kWh). This is followed by household (0.07€/kwWh) and industrial consumers who use for
productive use (0.08€/kWh)he PLN retail tariff band is thus far lower than all the LCOE of the analysed

village grid options
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Figure 5 | Abatement costs and emission reduction potentials of renewable energy based and hybrid village grids

compared to the conventional diesel baseline. The abatement costs are quantified by the horizontal axis, measured in

€/tCO,. For each technological option, we calculate the abatement costs considering world unsubsidized prices (symbolized
by the triangle symbol) and Indonesian subsidized prices (symbolized by the circle symbol). We also consider a range (black
lines) of abatement costs to differing remoteness levels of the village. We compare these abatement costs to the current Gold
Standard (GS) carbon price of 18D, depicted by the dotted lih® For each technological option, we also calculate the
emissions reduction potential by choosing a renewable energy based or hybrid village grid as an alternative to the

conventional diesel solution (black boxes).

The abatement cost analysis showwide range of emissioabatemerst andcosts Generally, the influence of
fuel subsidies is quite high. We observe that abatement costs for micro hydro solutions are in eeyatage
when compared to diesel solutions. Timglies that savings can actually incur by choosing micro hydro over
diesel powered village grid optiomhile at the same time emissions can be reduced by 63 Byta@village
(scenario A) respective 205.4 tgd@ear/village (scenario B)rhe abatement costs for all power systems which

containsolarPV components are higher. However, we observe in all ¢asespt for solar PV/battery/diesel in

16 While the retail price for GS projects is above these 10€/t@@rviews we conducted with carbon market actors indicate that 16€/tCO
is the maximum that is passed through to the project.
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scenario A) when considering unsubsidized world diesel fuel prices, abatement costs are negative. In terms of
emissions reductions, as expected the renewatdegy onlysolutions (micro hydro and sol&V/battery at
different configurations) yield the highest volume of nission avoided. The hybrid solutions result in 75%

84% (olar PV/batterydieselj and 91%(solar PV/diesel) lessemission reductions due to the presence of the
diesel content. Finally, the Gold standard carbon price 6ft@@, is small compared to the wide range of
abatement costs. Howeyd@rbecomes obvious that for several options a carbon price could (partially) financially

supportthe diffusion of renewable energy based village grids sufficiently

5 Discussion and conclusion

In order to reach Indonesia’s 90% electrification target, high investments are needed. The US$43m provided by
the government and the grants from international organizations will not be sufficient. Additional resources
stemming from private investoese urgently requirefB6] . In this sectionwe discusswhy only little private
investment into village grids takes place dmdv the diffusion of renewable energgsed village grids can be
ramped upstrongly by providing incentives for private investovée commence our discussions framicro

hydro and then solar Ppbweredsolutions

Our results highlighthat micro hydrgpowered village grid ishe solution withthe lowest generation costs and
negdive abatement costs in all cases (even when assuming subsidizegihmaiadiesel priceg. Despite this
factand many studies identifying locations with sufficient natural reso(ir¢&¥] the diffusion of micro hydro

village gricks is still low. This is related tathe extremely low electricityretail tariff determined by the
government. While PLN’s average network easftelectricity supply at €0.16/kWh [3&]lso exceed thisange

of tariff , the resultinggapis covered by the government. This represents a sedodidect, form of subsidy
(additional to the direct fuel price subsidies), which becomes a hindrance to private investments (unless private
investors would be bailed out by the Indonesian governtikenPLN — a rather unrealistic and socially doubtful
scenario}’. Previous studies suggest that theedrent of private investors in rural electrification projects may

be caused by a number of reasons, including national electricity tariffs that are lower than the cost of
decentralize¢produced electricity6] and from the high (transaction) castsociated with rural electrification
projects[11] and regulatory, technological and counterparty uncertf@Ty Thereforejt's essential tareate

an investment environmettat is conducive to increase village grid privateestment;one option is for the
government to removihe electricity “price cap”. With thigetail tariffs would reflect cost of electrity supply

more closely and fairlyWhile this first option may result in higher prices for consumers and potentially a
significant burden to the lower income earners, studies sihatwin other countries rural poor are willing to pay
higher electricity pces[13, 20} e.g.,in Cambodia rural electricity prices are much more fllexdand reach from

37 to 74 4kWh [39]. The second option to increase private investments rienmvethe electricity price cap,

and concurrentlyre-distributefuel subsidies. In case the Indonesian government wants to keegs@ngrices

very low, one option is to shift currentfuel subsidiesin suchway that micro hydro solutionsget subsidized

Electricity subsidiesn Indonesia, when measured by prigp methodologl are among the highest in non

Y These indirect subsidies of course also impede private investments in fossdgadlrural electrification.

18 pricegap methodology calculates the gap betweegnlated retail tariffs and regulated benchmark (j46g
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OECD countries, in particular for o#t0]. These subsidielsave increased significantly from 2005 (€0.7b) to

2008 (€£6.3b) driven yoincrease of international oil prices and high dependence on thasetl generation
systemg41]. Gradually lowering the subsidies from emission intensive technologies and increasing those for
hydro would be a feasible solutidi Additionally, when the electricity subsidy removal is implemented
simultaneouslywith fuel subsidy redistribution, the adverse effects on household levels may be dampened,
compared to an electricity subsidy removal alpg. In the case of village grids, the LCOE aéskl ismuch
higherthanthe retail pricevhen compared to mictmydro. Hence, if hydro is installed instead of diesel, the total
amount of requiredubsidies is reduced, resulting mvegs for the government. Another consideration is that
micro hydro capacity and capabilities are already advanced in Indonesia, with a number of manufacturing
centersacross the countf§ [42, 43] This is in contrast with sold@V technology, where manufacturing takes

place mainly in industrialized or threshold countries. Hence, strengthening this technology could also create jobs
and economic development in the country (additional to the development that can be expected due to the

existence of power in the villageshd thereby be a contribution to an Indonesian green growth gtrateg

While micro hydro is the cheapest option and should be chosen where the naturahpistentilable, solar PV
based optionare much more expensive but neverthetessbe interesting for villages whehe hydro potential

is lacking.For an overview on different electrification options for different remote environments, see a recent
IEA-RETD report[44]. Solar PV technology has very high technical potential and is expected to experience
rapid reduction in costfd4, 42, 43] Especially in very remote villages, soRY/battery options aabe cheaper

than diesel This trend will reinforce itself with raising diesel pricg®]. Hence, the same reasons for non
investments from the private sector as discussenhino hydro hold for solaPV options. Howeverthe role of

diesel subglies iseven more precarioudVithout diesel subsidies, solBV based options are also attractive in
medium remote villages. A gradual phame of subsidies could be coupled with a gradual bugdsf solar
PV/battery powered village grids. In order tamlit additional costs during this transition phadiee solar
PV/battery solutions can be designed in a way that they do not aim at 24 hour power delivery over 365 days.
Smaller configurations can limit costs significantly (while still delivering majorumtsoof electricity; compare

the LCOEresults of ou90% configuration) and be installed in the beginning. The high modulargglafPV

and batteries allows a subsequent addition of generation and stapagsty(which will be even cheaper at the

time of installation due to the learning curve of both sBMrand battery technologi¢®3]). Similarly to hydro,

fuel and electricity “price cap” subsidies should bedistributed to also support solar PV in places without

hydro potential.

The findings underlineenewable options can be cheaper than thesil alternatives that typically represent the
baseline.The public perception is often still dominated by idea that renewhbbked options are far off from
competitiveness with conventional generation optiptd. Schmidt et al[27] show that for griecconnected
large scalevind, abatement costs can be negative if the baseline is largely based on oil products lifeey

with other recent studidd6, 47] conclude that subsidies are a major issue. Our study confirms this for the case

¥ In a promising step, the government has already announced plans for subsidy reforms between Septemhpril22d23:-following a
failed attempt in April 201242].

2 The same holds true for several other developing countries, such as Nepal, Kenya or Nigeria.
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of village gridsin Indonesia. Fuel subsidies can strongly deteriorate the competitiveness of reneiraigsg.

prices have been subsidized in Indonesia since 1967 and are determined through a government decree. Subsidies
in diesel oil result in official retail prices wih are 33% lower than the world market prigg%]. In the case of

solar PV, these subsidies push tiaatement cost from negative to as high as almost 200£//@@itionally we

find, that indirect subsidies, which allow for extremely low retail prices make privagstinents totally

unattractive.

The results on the abatement cost show that a certain part of the additional costs of solar PV could be covered by
carbon credits. While the United Nations Framework Convention on Climate Change talks are currently at a time
of uncertainty, new market mechanisms, e.g., Matlp Appropriate Mitigation Actions (NAMASs), are

looming, which can partially also be financed via carbon crédi#8]. For more details on the potential of new

carbon finance mechanisms, see e.g., a series of recent UNDP[g&péi’ 49, 5Q]

Overall it seemshat rural electrification through renewalgleergy based village grids is hardly an issue of high
additional costs of renewables but rather of the political economy of the country’s energylsectder to

remove the barriers for renaie electrification, political work is required. Agencies for technical and political
assistance are required to support the Indonesian government in buildilegtafication strategy thatargets

five areas of development relevant to the Indonesian energy sector. First, such strategy must support the 90%
electrification rate target atwoor even zero emission growth. Second, such strategy can be created in a way that
improves economic development thrghi national value creation and capacity building in the village grid
technology sector (e.g. scalable and high quality hydro manufacturing, installation and assembling of switch
gears and sold?V panel production). Third, the strategy can also be geaveaids establishing electricity as a

basic commodity for rural economies; such that it stimulates productivengesubsequently boost rural
economic development. This stimulation of electricity demand is akin to shifting from a basic electrification
(scenario A) to advanced electrification (scenario iB)our study, which proved to be beneficial in lowering
LCOE and making village grid electricity more affordable. An important issue is of course the phase out of fuel
subsidies, which can be intric&teFourth, such strategy must attract private equity and debt sponsors (beyond
purely concessional finance). An analysis of the risks involved in rural electrificatiorafébtheir transfer and
reductioncan lower the cost of renewables more than of conventional technologies. Their highirtapisitly

makes them more sensitive towards high discount rates (which are found in investment environments with high
risks). Last but not least, such stratepgsto involve stakeholders from village residents, via potential

investors, the financial sector, techwgy providers to PLN-in order to manage counterbalance interests

Finally, we conclude with a statement of our main contributions and some limitations which call for further
researchThis study enriches the literature in rural electrificatl®with particular focus to Indonesi in three
ways. First, in contrast to previous studies, our analysis considers a holistic view of ruugeemdnsumer

market including household, productive use and social infrastructure. This servéissasaduationbase for

2 As our results show, AMAs for different technologies have different financial needs.
2 The issue of Indonesian fuel subsidy is very sensitive. Adjustments of fuel prices seldom take place as the political impact and commun
backlash can be sevdr?].
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private sector when considering village grid investments. Second, we analyze the issues that are directly relevant
in encouraging private sector investment in rural electrification sector. Third, our resoitdbutetowards
proposals for policymakersby showing the actual economic barriers (often the highs adstenewables are

perceived as the main barriesemething, we clearly disprove)

Our study is clearlyimited to techneeconomic calculations. However, literature on the diffusiorenéwable
energies in developing countries has shown that further financial anfinaanial barriers are highly relevant

[10, 39, 40, 49]Hence, we suggefbur areas for future researcinalyzethe risks for private investors in order

to derive appropriate désking strategies; analyz@e societechneeconomic barriers of village gridiffusion

which goesbeyond the pure cost calculations presented in this study; research on potential business models for
renewable energy based village grith Indonesia; andnalyzeon a country level to calculate the economic

costs and benefits of the proposed rural electrification strategy.
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Appendix A

Assumptions for Power Generation System Capacities

Table A.1| Assumptions relevant to the modelling of power generation system capacities

Section of Model

Technical assumptions

Economic assumptions

Technology Factor Assumed value Source Factor Assumed value Source
Distribution losses 4% [51] Population 1497 people [17]
Voltage level Low (under 1 kV) [52-54] Number of household 350 households [17]
Electrification scenarios See Table [14, 43, 55, 56] Supplemented
by Indonesia in-field interviews
Demand by end-user sector See Appendix B [14, 43, 48, 49, 55, 57]
Demand model Supplemented by Indonesia in-
field interviews
Operating hours (scenario A) 18:00 — 06:00 Own assump.
Operating hours (scenario B) 00:00 — 00:00 Own assump.
Operating days 365 days (no seasonality) Own assump.
Discount rate 12.5% [58]
Inflation rate 2.1% [59]
LCOE model Exchange rate USD/EUR 1.31269 [60]
Exchange rate IDR/EUR 11779.8 [60]
Diesel Efficiency (scenario A) 26% [51, 52] Diesel price (Indonesia) 0.29€,01,/litre [25]
See Appendix D
_ Efficiency (scenario B) 27.64% [51, 52] Diesel price (World) 0.61€,015/litre [26]
g See Appendix D
8 5 Diesel oil density 0.832 kgllitre [61] Diesel retail price multiplier, based | Low: 1.0x, Medium: | [24, 33,
T 8= on transport cost effect 2.0x, High: 2.7x 54]
2 @ L Diesel oil calorific value 11.94 MWh/tonne [62] Investment cost See Appendix C [12]
8 9 g Diesel plant lifetime 20 years [12] O&M cost See Appendix C [12]
Specific CO, emission 0.26674 tCO,/MWh [63]
Micro hydro Overall efficiency 85% Based on an interview with a | Investment cost See Appendix C [12]
3> micro hydro power implementer O&M cost See Appendix C [12]
© Solar Location Kuching, Malaysia as proxy [34] Investment cost See Appendix C [12]
S PV/ Temperature factor 0.932 [17, 64, 65] O&M cost See Appendix C [12]
Battery > Tilt angle 20° Own assump.
o Nominal Operating Cell Temperature (NOCT) | 45°C [17, 58]
< Maximum temperature coefficient -0.38% [17, 59]
3 g Inverter efficiency 95% [60, 66]
1S Lifetime 25 years [12]
2 S Battery efficiency 90% [66, 67] Investment cost [ See Appendix C [ [12]
g B > Overall charging efficiency 81.23% By calculation O&M cost | See Appendix C [ 1121
[ © Qo Depth of discharge 20% Own assump.
TS5 T Initial rest capacity at start of optimization 10% Own assump.
xo @ Lifetime 5 years [61, 67]
Solar PV |/ | Diesel efficiency (scenario A) 35% [51, 52] Same Investment cost and O&M cost assumptions as above
= Battery | | Diesel efficiency (scenario B) 35% [51, 52]
2 g T | Diesel Other assumptions as above
= S c 8 Solar PV /| | Diesel efficiency (scenario B) [ 26% [ [51, 52] Same Investment cost and O&M cost assumptions as above
T ook Diesel Other assumptions as above




Appendix B

Electric Appliances

Table B.1| Typical electrical appliances for housebld sector under Scenario A [11]Data also supplemented by findings

from Indonesian field trip.

Electrical Appliance Power Consumpt ion | Quantity per household Usage duration per day
(W)

Light bulb (indoor) 16 2 18:00 — 00:00

Light bulb (outdoor) 16 1 18:00 — 06:00

TV 19" 80 0.2 (1 every 5 households) 18:00 — 23:00

Table B.2| Typical electrical appliances for household sector under Scenario[B4, 43, 55, 56]Data also supplemented

by findings from Indonesian field trip.

Sector Electrical Appliance Power Quantity per | Usage duration per
Consumption (W) consumer day

Fluorescent Lamp (inside house) 16 2 18:00 - 0:00
Fluorescent Lamp (outside house) 16 1 18:00 - 6:00

% Color TV 19" 80 1 18:00 - 23:00

S Stereo (speakers) 20 1 18:00 - 23:00

§ Refrigerator 100 4 per 30 household 17:00 - 9:00

T DVD/VCD Player 25 1 18:00 - 20:00
Kiosk (4.5 per village)
Light bulb 25 4 18:00 - 22:00
Coffee milling (2 per village)
Coffee Huller 1000 1 9:00 - 17:00
Coffee Grinder 2000 9:00 - 17:00
Carpenter (1.7 per village)
Metal grinder 120 1 9:00 - 17:00
Drilling machine 350 1 9:00 - 17:00
Circular saw 1500 1 9:00 - 17:00
Planer 450 1 9:00 - 17:00

° Tailor (1 per village)

g Sewing Machine (dynamo) 120 1 9:00 - 17:00

o Restaurant (1 per village)

g Refrigerator 100 1 0:00 - 0:00

'g Mixer 100 1 11:00 - 19:00

o Blender 180 1 11:00 - 19:00
Hospital (1)
Vaccine refrigerator 60 1 00:00 - 00:00
Vaccine refrigerator / freezer 60 00:00 - 00:00
Indoor lights (CFL) 15 10 10:00 - 17:00
Outdoor lights (CFL) 15 4 10:00 - 17:00
Microscope 15 1 2 hours per day
Centrifuge nebulizer 150 1 2 hours per day
Vaporizer 40 1 2 hours per day
Oxygen concentrator 300 1 2 hours per day
Overhead fan 40 4 10:00 - 17:00

] Water pump 100 1 2 hours per day

% Electric steriliser 1500 1 2 hours per day

% Desktop Computer 60 2 10:00 - 17:00

.g 15" LCD monitors 25 2 10:00 - 17:00

(:Ts Multi function scanner/ copier/ printer 17 1 2 hours per da

9 Satellite phone 5 1 Only in emergencies

N Internet: Cisco Aironet Workgroup | 0.05 1 10:00 - 17:00




Sector Electrical Appliance Power Quantity per | Usage duration per
Consumption (W) consumer day

Internet: 4-port ethernet hub 7.5 1 10:00 - 17:00
School (1)

Internet: Cisco Aironet Workgroup | 0.05 1 08:00 - 15:00
Internet: 4-port ethernet hub 7.5 8 08:00 - 15:00
Desktop Computer 60 30 08:00 - 15:00
Indoor lights (CFL) 15 24 08:00 - 15:00
Outdoor lights (CFL) 15 12 08:00 - 15:00
Internet: Cisco Aironet Workgroup | 0.05 1 08:00 - 15:00
Common communications infrastructures

Payphone 2 3 00:00 - 00:00
Internet: Cisco Aeronet 350 Access | 0.05 1 00:00 - 00:00
Internet: Digital VSAT receiver 30 1 00:00 - 00:00




Appendix C
Costs of the different generation plants
Table C.1| Costs of diesel generator plant [12]

Type of Cost Value
Reference rated output 100 kw
Investment cost

Engineering 7.62 €/kwW
Equipment & material 457.08 €/kW
Civil 10.00 €/kW
Erection 7.62 €/kW
O&M cost

Fixed O&M cost 0.02 €/kWh
Variable O&M cost 0.03 €/kwWh

Table C.2 | Costs of micro hydro power plant [12]

Type of Cost Value
Reference rated output 25 kKW
Investment cost

Engineering 152.35 €/kwW
Equipment & material 3755.64 €/kW
Civil 746.55 €/kwW
Erection 533.26 €/kW
Process contingency 533.26 €/kW
O&M cost

Fixed O&M cost 0.00 €/kWh
Variable O&M cost 0.41 €/kWh

Table C.3| Costs of solar PV and battery power plant [62, 67]

Type of Cost Value
Investment cost

Module sales price 0.87 €/Wp
Inverter sales price 0.21 €Wp
Remaining balance of plant price 0.64 €/Wp
EPC margin 8%

O&M cost

Fixed O&M cost | 1.5% of total investment cost




Appendix D

Projected development of diesel fuel prices, under world (symbolized by quadrajeand Indonesian
(diamonds) prices. Theseprojections are calculated based on multipliers advised by the International Energy
Agency[27, 68]

Projected Diesel Fuel Price Development
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§ 0.06
@ 0.05
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£0.04
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Figure D.1 | Projected Diesel Fuel Price Development



Appendix E

Calculation of solar PV/battery system capacities

First, using the hourly TMY data we calculate thedifjusted global horizontal irradiation,l) to obtain the
total irradiation (&) by adjusting for the assumed tilt angle=20), given by the equation
Eq, E.1 [Wh/m?]

We then calculate the weighted cell temperature derate factor (Tf) to account for performance variations in case
the cell temperature (J;) differs from the 2% at standard testing conditions, by incorporating the module
Nominal Operating Cell Temperaa(NOCT=45C) and temperature coefficient£-0.0038/C) [23].

Eq. E.2 [°Cl
Eq. E.3 [-]
Eq. E.4 []
Eq. E.5 [W]

The solar PV/battery system must operate such that the available power for village load consumgtjoat(E
any time tcan either be sourced from soR¥ production (&y) or by discharging battery ().
Eq.E.6 W]

We select the four consecutive days within the TMY with the lowest levels of irradiation as the basis of our

modef®?*

(seeFigure 3. A solar PV/battery system that fulfills hourly load consumption during tHfese
‘worst-case’ days should be able to generate sufficient electricity at 100% availability throughout other days of
the year, which have higher solar irradiation levélt any time twhen the power produced from the solar PV

panels exceeds the required demand at that time, the excess production can be stored in the battery which has a
charging efficiency of 81.23% and 20% rest energy maf§8-71] . Consequently, the battery will be
discharged to supply any shortages should the sdfapanels be unable to produce sufficient power to meet

demand. These requirements are given by thewimg formulas.

Eq. E.7 (W]

2 From the IWEC data this was determined to be between Januégna®4' 1990 which yielded global horizontal iriation of 3794,
3712, 2373 and 2376 Whimespectively.

24 Industry practice recommends -gffid smaltscale PV generation system ranges from@days[48, 54, 55, 77]



Using a nodinear optimization method we then determine the combination of solar PV and battery capacities,
which yields the lowest LCOE (objective function) and meets the demanded levels of power at any time t
(constraint).

Eqg. E.8
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Abstract

Renewable energy based village gri(RVGs) are widely considered to be a sustainable solution for rural
electrification in non-OECD countries. However, diffusicates of RVGs are relatively low. We take the
viewpoint that, as public resources are scarce, invessnfieamh the private sector aessential to scale-up the
diffusion. While existing literature mostly focuses emgineering, development and techno-economic aspects,
the private sector's perspective remains under-researched. As investment decisions by private investors are
mainly based on the risk/return profile of potential pct§ we — based on literature reviews and field research —
investigate the risk and the return aspects of RVGs in Indonesia, a country with one of the largest potentials for
RVGs. We find that considering the potential of locatjareal and international revenue streams, the returns of
RVGs can be positive. Regarding the risk aspectsee that private investors could address many of the
existing barriers through their business model. However, the findings also point to the need for government

action in order to further improve the risk/return profile and thereby attract private investments for RVGs.




















































































































































































































































































