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Summary

Universal access to affordable, reliable and modern energy is a fundamental component for
Sustainable Development. Yet, 1.2 billion people are still lacking access to electricity, especially in
rural areas of Developing Countries. Tackling Climate Change under a scenario of increasing energy
demand requires technologies with a low environment impact that facilitate economic development
and that are socially supported. Renewable Energy solutions based on off-grid photovoltaic (PV)
systems could meet these criteria in rural and remote areas where the grid extension is not practicable.

Against this background, this thesis aims to assess the sustainability of rural electrification efforts
based on off-grid PV systems in three Andean countries: Chile, Ecuador, and Peru. Although
deployment of this solution for rural electrification began in the early 1990s in the Andean region,
most of the projects turned out to be unsustainable and did not last. Prior efforts have addressed the
different issues and barriers that plagued these projects and inhibited their sustainability. However,
these prior analyses were mostly quantitative; systematic qualitative evaluations have been scarce.

In this thesis, I address the following research question: “Are the rural electrification programs (based
on off-grid PV Systems) in the Andean countries sustainable?”’

In order to answer this research question, I conducted an exhaustive qualitative document analysis
complemented by semi-structured expert interviews. The interviewees included experts from different
ministries, project managers from leading Non-Governmental Organizations (NGOs), public and
private companies’ representatives, supervisors, and researchers. Although I also describe several
relevant PV-based electrification efforts in the Andean countries, my research was aimed at providing
an overall picture of the rural electrification efforts in these countries, rather than measuring the
success or failure of specific projects.

The gathered information allowed me to assess the sustainability of rural electrification efforts in the
Andean countries. This assessment was based on a set of indicators corresponding to the four
dimensions of sustainability considered in this thesis: institutional, economical, environmental, and
socio-cultural. These indicators were introduced after an extensive review of the theoretical
framework on sustainability regarding rural electrification based on off-grid PV systems.

In addition to a generic Introduction (Chapter 1), the Theoretical Framework (Chapter 2), and
additional details on the Methodology (Chapter 3), this document has three main sections: a generic
literature review (Chapter 4), an empirical part (Chapter 5), and a deductive-comparative section
(Chapter 6). Chapters 4-6 are based on peer-reviewed papers that this research allowed me to
elaborate:

1. Sustainability of Off-Grid Photovoltaic Systems for Rural Electrification in Developing
Countries: A Review (Chapter 4)

2. Sustainability of rural electrification programs based on off-grid photovoltaic (PV) systems in
Chile (Chapter 5)

3. Are the Rural Electrification Efforts in the Ecuadorian Amazon Sustainable? (Chapter 5)

4. Sustainability of Rural Electrification Programs based on off-grid Photovoltaic Systems in
Peru (Chapter 5)

5. Sustainability of rural electrification efforts based on off-grid Photovoltaic systems in the
Andean Region (Chapter 6)

In Chapter 4, I provide an overview of experiences with off-grid PV systems in rural areas of DCs that
have been reported worldwide (including global studies, Asia, Africa, Latin America/Caribbean,
regional studies, and Oceania). It is grounded on a wide review of projects that were considered
sustainable as well as cases of unsustainable experiences. The cases were purposely not restricted to
research papers, but also embraced information from NGOs, energy organizations, and governments.
Selecting a broad spectrum of sources intended avoiding biases concerning who implemented the off-
grid systems for rural electrification. It aims to get a better understanding of whether or not



sustainability issues have been iteratively encountered across countries and among projects, and what
factors have determined the sustainability of projects.

In Chapter 5, I assess the sustainability of off-grid PV projects in Chile, Ecuador, and Peru,
respectively. Chapter 5 aims to address the research questions described above in the context of each
country. A separate (i.e. country specific) analysis allowed me to evaluate each indicator of
sustainability introduced in Chapter 2.

In Chapter 6, the findings shown in Chapter 5 were further exploited. It consists of an inter-country
comparison involving Chile, Ecuador, and Peru. This analysis allowed me to contrast and to rate the
efforts made in these countries for ensuring the sustainability of their rural electrification efforts based
on off-grid PV systems.

Finally, in Chapter 7, I summarize some of the key points and provide a brief outlook for future
research.
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1 Introduction

1.1 Motivation

Access to modern energy is critical for development and for improved health of human beings (IEA,
NA). Indeed, the use of energy is manifold, including lighting, heating, cooking, mechanical power,
transport and telecommunication services (e.g. Kaygusuz, 2012). Furthermore, the access to energy is
positively correlated with the Gross Domestic Product (GDP) growth as well as higher productivity,
and it is indirectly associated with better health and education, and higher quality of life (Kolk and van
der Buuse, 2012; IEA, NA).

The importance of energy for Sustainable Development (SD) has been recognized by the United
Nations (UN) when its General Assembly declared 2012 as the “International Year of Sustainable
Energy for All” (Resolution 65/151). In 2015, universal access to affordable, reliable, and modern
energy for all even become a stand alone Sustainable Development Goal (SDG) (Assembly, 2015).
Yet, the notions of “access” and “to all” are much discussed in literature owing to differences in the
understanding of standard needs of a household as well as changing needs within the same household
over time (Tomei and Gent, 2015). The International Energy Agency (IEA) for instance defines
energy access as “household having access to electricity and to relatively clean, safe means of
cooking” (IEA, 2015a). It fixed the minimum annual household electricity consumption at 250
Kilowatt-hours (kWh) for rural areas and 500 kWh for urban areas (IEA, 2015a). According to this
definition, 1.2 billion people are still lacking access to electricity, especially in rural areas (IEA,
2015Db).

The IEA (2014) estimates that the demand for energy will grow by 37% by 2040, resulting in a rise of
emissions by 20%, and a temperature increase of 3.6 degrees Celsius. The major growth in demand
will shift away from member countries of the Organization for Economic Co-operation and
Development (OECD) to Developing Countries (DCs) (IEA, 2014). Under these circumstances,
addressing sustainability in the energy sector requires a multidimensional approach that considers the
protection of the environment and of natural resources, the impacts on the climate, and the social
acceptance (Haselip et al., 2011, BMU, 2004). Renewable Energies (RE) may offer a solution that
meets all of these requirements (BMU, 2004; Sathaye et al., 2011).

Among RE, solar technologies based on photovoltaic (PV) systems are a feasible alternative in rural
areas of DCs where the extension of the grid is not practicable. In fact, according to the Universal
Modern Energy Access Case (UMEAC) of the UN, whose objective is universal access to electricity
by 2030, 70% of rural electrification shall be provided by systems that are not connected to the grid
(of which 75% are planned for mini-grids, and 25% for off-grid solutions) (OECD/IEA, 2010).

In remote regions, off-grid (not being connected to the national grid) PV solutions have several
advantages. Firstly, the technology has undergone significant price drops during the last years, as
between 2007 and 2014 the prices for PV modules declined by approximately 79% (World Energy
Council, 2016), whereas their material usage and their performance have considerably increased
(Fraunhofer ISE, 2014). In areas of high solar irradiance (which is often the case in DCs), the
technology can already compete with grid prices (so called “grid parity”’) (World Energy Council,
2016). Secondly, off-grid PV systems can be adapted to local consumer demands, as they range from
Pico PV Systems of up to 10 Watts peak (Wp) to stand alone systems (Solar Home System, (SHS)) of
between 10 and 250 Wp, up to Solar Residential Systems (SRS) of 500-4000 Wp. Even mini-grids for
entire communities can be used. Thirdly, PV systems can considerably help to reduce emissions and
counteract climate change (CC). This is especially important considering the sharp increase in energy
demand expected from non-OECD countries that could leapfrog the contaminating fuels used in
developed countries. According to the OECD/IEA (2014) (adopted from De Wild-Scholten, 2013),
with a value of 20-81grams of Carbon Dioxide equilibrium per kWh (g CO2-eq/kWh), the carbon
footprint from PV is in the order of one magnitude below electricity from fossil fuels.



Despite these opportunities, important challenges remain. Several studies have found that a great
percentage of the installed systems stopped working after some time (Nieuwenhout, 2001; IRENA,
2015). Numerous studies have already reported on the barriers that constrain the deployment of off-
grid PV systems for rural electrification (see e.g. Sovacool et al., 2011; Siegel and Rahman, 2011;
Karakaya and Sriwannawit, 2015; Van Norden, 2015; Sindhu et al., 2016). Given that off-grid PV
systems have relatively high investment costs, while operational and maintenance (O&M) costs are
low compared to alternative technologies (such as diesel generators), the advantages of PV systems
can only be exploited if the systems are used over their complete lifetime. Therefore, rural
electrification solutions should ensure long-term operational performance. Otherwise, neither the
economic sustainability (as the systems are not paying off), nor the ecological sustainability (since the
material needs to be disposed) of PV-based systems will be underwritten.

Based on this background, I will address the following general research question:

“Are the rural electrification programs (based on off-grid PV Systems) in the Andean countries
sustainable?”

I firstly aim to get a better understanding of the concept of sustainability regarding rural electrification
efforts based on off-grid PV systems. Then, I will assess the sustainability of rural electrification
solutions in each country (Chile, Peru and Ecuador) separately. Finally, by making a comparison
between the three countries, I intent to identify common issues and potential for improvements.

I will focus on Chile, Peru and Ecuador, because they have all deployed off-grid PV systems in the
past, and plan deployments to different extents in the future. On the one hand, they are diverse in their
political systems and formal/informal institutions, their energy policies, and experiences regarding off-
grid PV solutions. On the other hand, they share comparable challenges and have a similar historical
background. The transnational networks and convergence between indigenous people have crossed
national and international boundaries among these countries, underpinned by their cultural identities
(Radcliffe et al., 2002). Still, within each country, Chile, Peru and Ecuador are characterized by a
tremendous cultural diversity with ethnical constitution including e.g. several heterogeneous
Indigenous, Afro-descendant, Mestizo, and White populations (Means, 1918:417).

The diversity is accompanied by a complex geographical situation in the three countries that includes
coastal lowlands, Andean highlands, Islands, arid deserts, tropical forests and the Amazon basin.
These complex environments are highly relevant regarding the adoption of national energy policies
and rural electrification programs based on off-grid PV systems.

1.2 Structure

The subsequent chapters are structured as follows: In chapter 2, I discuss relevant concepts for
elaborating a theoretical framework that will in turn allow me to address the research question.
Chapter 3 provides a brief overview of the methodology used to gather the information that in turn
allowed me to address the research question. In chapter 4, 1 will provide an overview on the
multidimensional drawbacks that constrain the sustainability of rural electrification programs and
projects based on off-grid photovoltaic (PV) systems including Solar Pico Systems (SPS) and SHS in
DCs. Next, in Chapter 5 I assess the sustainability of rural electrification programs in Chile, Ecuador
and Peru. In Chapter 6, I highlight common and different challenges that the three Andean countries
face for ensuring the sustainability of their rural electrification efforts. Chapter 7 summarizes some of
the key points and provides a brief outlook for future research.



2 Theoretical Framework

2.1. Introduction

Sustainability in rural electrification is a multidisciplinary concept that comprises technological,
social, environmental, and institutional issues (Brent and Rogers, 2010). Indeed, the IEA/World Bank
(2015) found that traditional approaches for rural electrification tend to ignore important issues for
SD, for example affordability, reliability and service quality (IEA and World Bank, 2015). Therefore
several studies have recently suggested a multi-criteria sustainability analysis based on indicators for
the assessment of sustainability (Bhattacharyya, 2012; Brent and Rogers, 2010; Ilskog, 2008, Mainali
et al., 2014; Hong and Abe, 2012; Zalengera et al., 2014). These indicators have been clustered into
three traditional dimensions of sustainability (economic, environmental, and social), plus a
technological dimension, and in some cases an institutional dimension.

Sustainability indicators may be “objective” (quantitative) or “subjective” (qualitative), though both
are at least partly subjective (Meadows, 1998). Depending on the research goal, indicators along the
sustainability dimensions have varied considerably between rural electrification/RE studies. Wimmler
et al. (2015) provide an overview of sustainability indicators used in 47 reviewed papers that applied
some kind of multi-criteria decision making to RE. The most frequently used sustainability dimensions
are technical, environmental, economic and social (Wimmler et al., 2015). The indicators are in
general quantitative indicators (e.g. degree of local ownership; share of population with access to
energy; profitability; energy tariff, emissions of kg CO2/kWh, etc.). Yet, relying solely on quantitative
indicators has shown to provide only a partial view with a focus on technological achievements, while
qualitative indicators are complementary and e.g. crucial to measure human experiences (Pefia-Lopez,
2008:60; Waas et al., 2014; Meadows, 1998). Furthermore, some indicators may be decisive but
difficult to measure, or the availability of data may be limited: For instance, despite recognizing the
importance of institutional sustainability, Mainali et al. (2014) and Mainali (2014) explicitly excluded
institutional indicators from their evaluation given the difficulty of measuring them quantitatively.

Against this background, I have established a set of sustainability indicators with a qualitative
connotation; they can be mapped to the four dimensions of sustainability: institutional, economic,
environmental, and socio-cultural. A technical dimension has not been included, as I considered the
technical indicators to be directly associated with and depending on the other 4 sustainability
dimensions. Each of the dimensions will be discussed in-depth in the following sections to provide a
better understanding of the concepts behind them and their contribution to SD in the context of rural
electrification efforts.

2.2 Institutions
2.1.1 Background

The importance of institutions for rural electrification has been highlighted in numerous studies (e.g.
AGECC, 2010; Schillebeckx et al., 2012; Steiner et al., 2006; Martinot et al., 2002; Chaurey and
Kandpal, 2010). Still, what is actually understood by the term “institution” requires some clarification.
North (1992:4) describes institutions as a framework of formal and informal guidelines for the
interaction between human beings; institutions limit the conduction scope of individuals to set equal
rules for all participants (North, 1992:4). Accordingly, institutions are distinguished from
organizations, as the former refer to the ‘rules of a game’, whereas the latter make reference to the
actual players (North, 1992:5). However, laws and regulations are ultimately enacted and enforced by
rule-makers or legislators (Pejovich, 2012), such that these organizations are considered to be part of
the institutions in this thesis.

The goal of institutions is to reduce transaction costs thanks to a common understanding of the rules,
and ultimately they aim to increase efficiency by providing an incentive to the players to comply with
the laws (North, 1989). This is because people need a pattern to rely on: the assumption of individuals
who take rational decisions no longer holds, since people take decisions based on subjective ideas and
incomplete information (North, 1992:21).



Institutions can be divided into formal and informal institutions. Formal institutions refer to laws and
governmental regulations that determine the political, economic, and enforcement system, whereas
informal institutions make reference to religious or moral values and traditions that have been
established in a certain place and have resisted over time (Pejovich, 2012). As opposed to formal
institutions, informal institutions are not communicated via official channels (Helmke and Levitsky,
2012) and therefore not fully public or transparent to outsiders (Adger et al., 2003).

Informal institutions can either be convergent or divergent to formal institutions, and depending on the
effectiveness of the formal institution, this relationship is: 1) complementary (effective formal
institution and convergent), 2) accommodating (effective formal institution and divergent), 3)
substitutive (ineffective formal institution and convergent), or 4) competing (ineffective formal
institution and divergent) (Pejovich, 2012).

As any other sector, rural electrification depends on both formal and informal institutions. In the case
of rural electrification projects (based on RE), the formal institutions are determined by the Energy
Ministries and Energy Supervisors, whereas Non-Governmental Organizations (NGOs)/Non-Profit
Organizations (NPOs), Environmental Organizations, Energy Companies, users, and the culture of the
communities may determine the informal institutional side. All of these actors may ultimately shape
the institutional framework, thus they decisively influence the extent to which rural electrification is
sustainable.

2.1.2 Stability (Durability)

Levitsky and Murillo (2009) determine that two factors account for the strength of formal institutions,
namely, its stability/durability and its enforcement, and they may or may not be aligned. Formal
institutions are strong if both factors are high, and weak if both factors are low (Levitsky and Murillo,
2009). In the case of high enforcement and low stability, laws are being followed, but often changed,
whereas in the opposite case, although the rules persist on paper, they are ignored and substituted by
informal rules (Levitsky and Murillo, 2009).

The strength of formal rules depends on two types of power: de jure and de facto power. The former is
the power that is officially allocated to formal institutions, whereas de facto power is imposed by some
kind of force (i.e. informal institutions) (Acemoglu and Robinson, 2005, 2006). Hence, how the (de
jure and de facto) power is distributed between formal and informal institutions is important, as it
determines the strength of the formal institutions. In this regard, Levitsky and Murillo (2009) identify
various reasons for weak institutions: 1) the actors who implement a rule do not aim to enforce it; 2)
the actors who implement a rule do not actually have the power to enact and supervise it 3) low level
of societal compliance (no voluntary action, as the enforcement is purely constrained) 4) high level of
inequality, and 5) the actors who implement a rule do not possess de facto power (Levitsky and
Murillo, 2009).

The reasons for weak institutions clearly show that institutions depend on the context they are
embedded in, meaning that not only do they influence their environment, but also vice versa are they
influenced by it (Rodriguez-Pose, 2013). The fact that the relationship between authorities is
determined by the cultural context (i.e., informal institutions) has important implications for the
effectiveness of a law (Andersson and Ostrom, 2008). Informal institutions ultimately determine the
effectiveness of formal rules, because communities decide to what extent they adopt the politics, to
what extent they follow bureaucratic order, and to what extent they collaborate to tackle social
dilemmas (De Soysa and Jiitting, 2006).

The role of informal institutions in the regulatory landscape is unfortunately a major problem in rural
electrification. According to Minogue (2013), governments often completely overlook cultural aspects
(i.e. regulations being locally embedded in social, administrative, and political contexts). With regards
to formal institutions, political unrest and frequent changes of rural electrification policies (triggered
by changes in the government) can seriously compromise the sustainability of rural electrification
projects (Urmee, 2009). Staff rotations and internal reorganization processes can also be a reflection of
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an unstable institutional environment, which negatively affect the sustainability of a project (World
Bank, 2011; Dornan, 2011).

Given that many DCs have failed in their rural electrification efforts because of a weak institutional
framework, it has become evident that the rural energy policy development and implementation
demand for strengthened institutions (Haanyika, 2006). Therefore, rather than copying generalized
best practices from the electricity sector of developed countries, in DCs a deep understanding of the
local institutional framework including both formal and informal institutions and their interactions is
indispensable (Estache and Wren-Lewis, 2009).

2.1.3 Regulations and standards

The legal framework (regulations) and its planning have a substantial influence on the sustainability of
projects in the energy sector (Martinot et al., 2002). Besides the strength of institutions, the second
crucial element of institutional sustainability is therefore the regulatory substance, which is the content
of regulations (Reiche et al., 2006). For regulations to be sustainable, they need to be coherent within
and across sectors to avoid inconsistencies and negative spillover effects (OECD, 2001). Moreover,
regulations and standards assure that for instance only trustworthy technologies enter a market, which
reduces the risk of failure; they can also address disruptive factors like noise or visual impacts (Sawin,
2006). According to Reiche et al. (2006), standards should therefore be realistic, affordable,
monitorable, and enforceable.

Unfortunately, projects of rural electrification in many DCs are conducted by institutions with a poor
regulatory capacity (Bhattacharyya, 2013a), which has led to regulatory uncertainties (Bhattacharyya
and Palit, 2016). Indeed, inconsistencies between the regulations of different government levels
(national, regional, and local) contribute to confusion and uncertainty, which may ultimately lead to
the failure of RE policies (Radzi and Droege, 2014). Establishing (technical) standards is another
critical issue for rural electrification. If the regulator does not establish or enforce the compliance of
quality standards, off-PV systems can become inoperative shortly after installation owing to their poor
quality (Zalengera et al., 2014; World Bank, 2008a).

2.1.4 Adaptability

As revealed above, the cultural context of a local environment in which institutions operate is
fundamental for the effective operation of formal institutions. This is why the adaptability of the
formal institutions to the culturally embedded norms is fundamental. For instance, informal
institutions may be directed by veto players (e.g. the military or the church) (Levitsky and Murillo,
2012), or by international organizations or elites that do not possess de jure power (Acemoglu and
Robinson, 2006). These power constitutions need to be captured and properly understood to be able to
adapt to this reality.

For institutional adaptation to be appropriate for the local context and culture, previous experiences
may be adopted by strongly relying on local expertise (Aron, 2002). Agrawal (2010) argues that the
nature of institutional linkages as well as understanding the access that different social groups have to
formal institutions (‘institutional articulation”) is crucial to adapt to the local context. However,
adaptation requires experimenting and being flexible to allow for social and institutional learning
(Agrawal, 2010). Moreover, communities should not be regarded as static objects, but instead social
viewpoints differ and may change over time, such that flexibility and openness to adapt to these
chances is required (High et al., 2005).

The necessity of adapting the institutional framework to the local circumstances holds particularly true
for rural electrification. Indeed, off-grid PV systems in remote areas demand for different formal
institutions than existing centralized institutions for on-grid connections, and the government plays a
key role in adapting the institutional framework to these local needs (e.g. by creating a Rural
Electrification Agency) (Gomez and Silveira, 2011). This customized structure should pay more
attention to the local organizational structures of a community by treating rural electrification efforts
as a local development initiative (van Els and de Souza, 2012).
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2.1.5 Decentralization

When building institutions, the concept of decentralization has been extensively discussed. The
general idea of decentralization is that, given the closeness to the local populations and their specific
issues, it allows participative decision-making and ultimately enhance the authority’s accountability
(Machado, 2013). Moreover, according to the IPCC (Sims et al., 2007:288), decentralized RE
solutions have numerous technical advantages, such as: a reduction of transmission system costs; a
reduction of grid losses due to shorter transmissions; an energy recovery due to proximity of demand
for heating and cooling; and an increase in use of REs (Sims et al., 2007:288).

Different concepts of decentralization can be distinguished. Literature has differentiated five
organizational forms, namely privatization (shifting from public to private ownership), deregulation
(the provision of private goods and services is deregulated for market liberalization), devolution (the
provision of services and power for decision-making is ceded to local governments), delegation
(technical and functional responsibilities are ceded to local public entities that are semi-autonomous
and have obtained technical and functional know-how), and deconcentration (administrative functions
are delegated to local governmental agents, but power remains in hand of central government; the
approach is often used in capital intensive sectors with high strategic value) (Rondinelli et al.,1989;
Shamsul Haque, 1997).

Decentralization may be preferred, since local populations may know best what they need and who
they can trust, and if a project fails, costs are much lower than its implementation on a national scale
(Andersson and Ostrom, 2008). However, there may be cases when (local) self management is too
costly because of conflicts among community members, a general lack of interest, or high political
costs (Andersson and Ostrom, 2008). In fact, despite great efforts of decentralization in many
countries, the results have turned out to be mixed (e.g. Machado, 2013; Andersson and Ostrom, 2008,
Grindle, 2004; Breton, 2002; Levitsky and Murillo, 2012). A major risk of decentralization may
emerge when functions from different authorities are in conflict with each other (Quang, 2013; IEA,
2013). Decentralization efforts may also fall behind their expectations if local capacity and
management skills are still lacking (Eakin and Lemos, 2006).

According to Andersson and Ostrom (2008), what is important is how political actors are nested in the
broader system. Machado (2013) argues that the success of decentralization depends significantly on
the circumstances, namely: 1) the homogeneity of the citizens’ preferences and the incentives of the
agents to deliver the goods; 2) the capacity of the organizations at each level of government; 3) the
level of education, political participation, and inequality; and 4) the level of democracy at the local
level. Moreover, the political commitment of transferring capacities, financial resources, and authority
for decision making, planning, and management, to local agents is decisive for the success of
decentralization (Rondinelli et al., 1989).

2.2 Economic Sustainability
2.2.1 Funding (Initial investment/ Operation &Maintenance)

Poor people are often limited in their financial resources, their know-how on sustainable practices, and
are under pressure to make decisions based on their short-term needs (Oumer and Neergaard, 2011),
which leaves them stuck in a poverty trap. Publicly financed interventions may become necessary to
escape this poverty trap and foster economic growth, e.g. by increasing productivity (for an in depth
explanation of why public funding may be inevitable, see Sachs et al., 2004).

This poverty trap has significant implications for rural electrification. As rural population in DCs tend
to be even poorer on average than urban citizens (IADB, 2013), they are often not able to pay neither
for the investment in PV systems, nor (fully) for its maintenance. Still, for rural electrification to be
sustainable, both must be assured in the long run. Moreover, rural areas of DCs are characterized not
only by low incomes per capita, but also by high dispersion of dwellings (low population density) and
low energy demand. This implicates that power utilities generally focus their operations on urban
areas, as providing energy to the rural areas is significantly more costly (Chaurey et al., 2004).
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In these cases, the government can act as the natural regulator that provides subsidies for the purchase
and installation of energy systems to correct for this market failure (The World Bank, 2008b;
Bhattacharyya, 2013b; Obeng and Evers, 2009; Solis, 2015). Cross-subsidies, either within consumer
categories (e.g. consumers with high energy consumptions pay a higher tariff), between consumer
categories (i.e. industrial consumers pay an additional fee to cover subsidies for residential
consumers), or by applying tariff policies (i.e. urban consumers pay an additional fee to cover
subsidies for rural consumers) are possible options (The World Bank, 2010). Still, despite government
subsidies, rural households may partially contribute to the O&M costs (Urmee et al., 2009). Therefore,
Rolland (2011) proposes that the tariff should keep a balance between commercial viability and the
affordability for the users.

2.2.2 Cost effectiveness

The economic dimension of SD requires that investment decisions are made based on an integrative
approach that internalizes all hidden and external costs in the long run (Meuleman and Veld, 2009:33,
Klopffer, 2003). Tools such as cost-effectiveness analysis (CEA) or Life-Cycle Costing (LCC) can be
established as a decision support system to help decision makers considering all costs and implications
in the long-term (Meuleman and Veld, 2009:33).

The concept of cost-effectiveness is particularly important for rural electrification in DCs due to a
rural population characterized by its scarce resources. Aiming at selecting the most appropriate on-
and off-grid technology and determining the configuration of a RE system for rural electrification, the
HOMER (Hybrid Optimisation Model for Electric Renewables) model (HOMER, 2011) from the
National Renewable Energy Laboratory (NREL) has often been used (see e.g. Sen and Bhattacharyya,
2014; Khan and Igbal, 2005). Comparing different technologies based on the lowest LCC approach
(frequently expressed in levelized cost of electricity (LCOE) in the electricity sector) is a useful tool
valid at any location to obtain the most cost-effective solution for rural electrification (Chaurey and
Kandpal, 2010). Since off-grid PV systems have high investment costs but low O&M costs, they have
shown to be the most cost-effective solution in many rural areas when taking LCOE as the calculation
basis (see e.g. Akiki et al., 2010; Huld et al., 2014; Veldhuis, and Reinders, 2015). This is even more
the case if external (environmental) costs are taken into account (Thiam, 2011; Breyer et al., 2015).

2.2.3 Reliability

The title of the 7™ SDG Goal “Ensure Access to Affordable, Reliable, Sustainable and Modern Energy
Jor All” already implies the fundamental role that reliability plays for SD in general and modern
energy in particular. It assures that a product remains operational over its expected lifetime and under
specific conditions of use (Misra, 2009:134).

The reliability of an energy source makes reference to the ability of a household seeking for access to
modern energy to actually use it as its primary source (Rehman et al., 2012). The World Bank
(2008c:6) measures the reliability of infrastructure in the electricity sector by considering the delay in
obtaining an electricity connection, the days per year of electrical outages, the value of lost output due
to electrical outages (as % of turnover), and the % of firms that maintain their own generation
equipment.

More specifically, in rural electrification reliability can be defined by the system’s capability of
working in a specific area over its expected lifetime, which implies assuring the availability of spare
parts and the know-how to make replacements (Nerini et al., 2014). Measuring reliability can often be
difficult (especially in rural areas), given the lack of existing data on the regularity and quality of
energy supply (Pachauri, 2011). A major concern is that a failure of one apparently minor part of the
PV system can have great impacts on the rest of the system (Diaz et al., 2011). Moreover, unreliable
electricity services may result in significant economic losses (Kemausuor and Ackom, 2017)

2.2.4 Productive Use

As revealed above, SD aims to assure the satisfaction of basic human needs by increasing the material
standards of living. In addition to enhancing the level of education and health care, it is fundamental
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for a sustainable poverty reduction to increase the productivity and profitability of the rural poor
(Hayami and Godo, 2005:304).

The use of energy can substantially increase productivity. According to Cabraal et al. (2005), the term
“productive use” was initially used to refer to the direct impact of the usage of energy on the GDP in a
country, but it was thereinafter adapted to the Millennium Development Goals (MDG). The
underlying motivation for this adaptation was that in addition to direct impacts of energy, productive
use should also account for indirect goods and services such as its impact on education, health, and
gender issues (Cabraal et al., 2005). Applications for productive use are extremely diverse, ranging
from agricultural to commercial and industrial activities for livestock breeding (including poultry
farming, milking, solar fences); food production with water pumping; milling for food processing (e.g.
grain mills, hullers, shellers, polishers, oil presses); cooling for food storage; food for sale; tailoring;
media and entertainment (e.g., cinemas, secretarial services); haircutting; and energy services for
charging, metering, and measuring (see Olk and Mundt, 2016 for details).

Despite the positive impact that productive use can have on the development of rural communities, the
vast majority of rural electrification applications remain in the residential sector, whereas the industrial
development has so far been limited (World Bank 2008d). A survey conducted by Fishbein et al.
(2003) revealed that due to the fact that energy is ultimately only the input to income-generating
activities, stimulating demand for productive use is conditioned by: knowledge and skills on the use of
electricity; technical and management capacities; facilitation of an institutional environment for
decentralized business development; market access for new products; understanding of the interactions
between energy and the productive use; and a minimum of infrastructure services like roads, water
supply, information, and technologies (Fishbein et al., 2003). Attending these conditions, a
multidimensional approach that also addresses non-energy inputs through effective institutions has
been proposed for productive use to achieve sustainable energy (Garimella et al., 2015).

2.3 Environmental Sustainability
2.3.1 Environmental Awareness

The Rio Declaration on Environment and Development in 1992 highlighted the importance of the
participation of all citizens for handling environmental issues, which implies raising public awareness
and assumes access to information (see Principle 10 of the Declaration; UN, 1992a). Moreover,
Chapter 36 of the Agenda2l proposes to the Member States to create not only awareness on the
environment and on development within all sectors of society, but also to assure access to
environmental education for people of any age, and to integrate environmental concepts (including the
causes of environmental issues) and training in environmental programs (UN, 1992b).

High environmental awareness (e.g. on CC) is particularly important for the energy sector, as it can be
decisive for people’s preferred type of energy source (Zografakis et al., 2010; Stigka et al., 2014).
However, a lack of awareness on the link between the energy use and the impacts on the environment
often avoids a change in behavior towards environmentally sustainable practices like efficient energy
consumption (Tang and Bhamra, 2008). People also frequently lack awareness regarding the link
between their energy preferences and the wide-ranging moral implications of these preferences
(Sovacool and Dworkin, 2015). Considering that CC has a huge negative effect on future generations
(Rendall, 2011), awareness needs to be raised on these implications to provoke a change in people’s
behavior and appeal to their moral obligations (Murphy, 2012:77-78).

Yet, rather than just hoping for consumers to change their behaviors by their own striving, the
national, regional, and local governments play a fundamental role in addressing environmental issues
(Moloney et al., 2010). Policies that aim at decentralizing the generation of energy can help filling the
gap between personal energy consumption and environmental issues such as CC (Murphy, 2012:72).

2.3.2 Environmental Impact

The devastating environmental impacts caused by human activities have already been recognized
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in the Brundtland report (1987), ranging from loss of biodiversity; ozone depletion; CC;
degradation of soils, water regimes, atmosphere, and forests; acid precipitation; and droughts,
just to name a few. In this context, the environmental impacts of energy usages in rural
electrification constitute an important environmental sustainability indicator.

Similar to the LCC approach for economic sustainability, assessing the environmental impacts
requires the Life-Cycle Assessment (LCA) comprising the construction-, operation-, and
decommissioning stages (Ball and Frei, 1999). The IPCC provides a comparison of lifecycle
greenhouse gas (GHG) emissions from all commercially available energy technologies, including
fossil fuels and RE: Despite of large deviations between emission values (e.g, 5-217 gCO2eq/kWh in
the case of PV) that are due to differences in measurement and project specific characteristics, the
superiority of RE over fossil fuels cannot be denied: wind, solar, nuclear, and hydropower generate
electricity with less than 5% of the lifecycle GHG emissions of coal (Bruckner et al., 2014:539-540).
Other environmental benefits of Non Conventional Renewable Energies (NCRE) comprise less air
pollution (less particulate matter (PM)), a reduction in water use, and impacts on the habitat/landscape
and wildlife (the latter having adverse effects depending on the technology and site) (Bruckner et al.,
2014:539-545).

Notwithstanding these benefits, RE for rural electrification may also have a negative impact on the
environment. Particularly in DCs, environmental awareness and policies are unfortunately often still at
their infancy, which can have large negative consequences for the environment (Corsair et al., 2014;
McKay, 2010, Sandgren, 2001; Guerrero et al., 2013; Boéni et al., 2015; Sun et al., 2015).
Environmental harm of off-grid PV systems due to maloperation may concern battery misusage
causing their depletions (and hence the need for frequent substitution), or lacking recycling measures
for PV modules and batteries (which entail toxic materials) leading to their disposition on landfills
(Balcombe et al., 2015; Aman et al., 2015). Therefore, off-grid PV systems for rural electrification can
only unfold their eco-friendly potential if environmental practices (raising user awareness, providing
education, and implementing recycling policies and recycling infrastructures) are established.

2.4 Socio-Cultural Sustainability
2.4.1 Equity

The concept of equity regarding SD is closely related to the notion of distributive justice: According to
Banse (2003), SD demands for intra- as well as for intergenerational redistributions of goods to
achieve justice. The Bruntland report points to the bonds between SD and equity/justice:

“[O]ur inability to promote the common interest in sustainable development is often a
product of the relative neglect of economic and social justice within and amongst
nations.” (WCED, 1987:46).

What equity actually means depends on the underlying notion of justice. Utilitarians aim to maximize
overall utility, i.e., the welfare of the sum of all individuals is to be maximized for a defined
population (Blackorby et al., 2000). In contrast to utilitarianism, the egalitarian theory does not allow
benefitting one person on costs of another to maximize the total benefit. Instead, equal opportunities
for all social classes are assessed, which implies a redistribution of resources from the upper to the
lower classes (Rawls, 1999:63). Sufficientarianism claims that all citizens should be secured a
minimum standard, and that the maximum priority should be to provide this standard to everyone by
redistribution; inequalities may persist once this minimum is passed (Rendall, 2011). Libertarians like
Nozick (2003) would contrary argue that redistribution violates people’s liberty, which is the greatest
good of justice.

Regarding justice in rural electrification, the idea of equity makes reference to equal access to
electricity for all citizens (James, 1998). When applying the theories of equity to rural energy policies,
McMann et al. (2011:18-20) argue that egalitarians would impose strict obligations on governments to
provide universal access of identical energy amounts to everybody, while sufficientarianists would
only allow for a minimum level to everybody, though it is not clear what this minimum would be.
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Utilitarians on the other hand only consider the total level of energy consumption of a country, such
that the consumption of the poor in remote areas is not contemplated due to the high costs of
electrification (compared to urban regions). Hence, depending on the notion of justice that a
government (as well as society as a whole) has endorsed, equity in rural electrification can be
understood differently. It ultimately determines the conviction of providing rural electrification to the
poor despite their inability of fully paying for the energy.

2.4.2 Accuracy

Accurate solutions (those adapted to the local circumstances) are explicitly mentioned in the scientific
and technological context of the Agenda21.

According to the UN, accurate solutions demand for local approaches. Chapter 28 of the UN
Agenda2l acknowledges that its implementation should ultimately be based on local activities (i.e.,
the communes), since local governments are closest to the people, and

“[t]hrough consultation and consensus-building, local authorities would learn from
citizens and from local, civic, community, business and industrial organizations and
acquire the information needed for formulating the best strategies.” (UN, 1992b,
Ch.28)

This local approach is indeed iteratively stressed throughout the Agenda, pointing to the importance of
finding accurate solutions for SD according to the local circumstances of each commune.

Accuracy in rural electrification implies that technologies are accurate according to the social and
cultural reality of a population or community. Tillmans and Schweizer-Ries (2011) define accuracy as
the ability of the stakeholders of rural electrification to regard the technical solutions from the users’
perspective. The appropriate selection of a technology, and in particular the system sizing is thereby
crucial to assure accuracy (Hong, 2012). If user expectations regarding the capacity of the systems are
raised but not fulfilled once the systems are installed, the users may reject them, as their needs are not
met (Lemaire, 2011). Energy modeling for appropriate energy supply (regarding present and future
needs) therefore needs to consider realistic estimations, as the power produced by an off-grid PV
system may decrease over time and the duration of use may get smaller (Mufiaty, 2014). Selecting the
most eligible technology that meets the user’s needs and ability to pay, and also fits the geographical
conditions can ultimately make the difference between a successful and a failed project (Sovacool,
2013).

2.4.3 Social Acceptance

As for accuracy, citizen participation is also fundamental for social acceptance. Given that the
commitment of people and their reaction towards institutions is directly influenced by their conception
of that institution (Cropanzano, et al, 2001:121), a participative approach increases the likelihood of
people to accept the solution and to comply with the rules of the game (Fritsch and Newig, 2007,
2012). Acceptance can be improved by providing early and comprehensive information, since people
feel involved and perceive the process to be fair (Newig, 2007).

In rural electrification, building relations of trust by involving and dialoguing with the community is a
cornerstone of sustainable projects (Alvial-Palavicino et al., 2011). The underlying concept (also
called “procedural sustainability”; see e.g. Subbarao and Lloyd, 2011; Del Rio and Burguillo, 2008)
consists of focusing on people’s perception of a project, how it benefits different groups of people, and
how the solution affects the acceptance of the project (Del Rio and Burguillo, 2008). Projects that
work best create channels of participation and communication from the very beginning (Garcia, and
Bartolomé, 2010; Urmee and Md, 2016). This can be explained by the fact that local participation can
resolve conflicts, foster mutual learning, and increase the confidence in the process (Etxano
Gandariasbeitia, 2012).
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2.4.4 Cultural Justice

The importance of culture for sustainability has been highlighted by numerous studies, which has
induced some authors to even propose cultural as a separate dimension of SD (see e.g. Nurse, 2006;
Hawkes, 2001; Burford et al., 2013). The UN also gives special importance to culture: for instance, the
Johannesburg Declaration on SD (Earth Summit 2002) and “The Future we want” (Rio +20)
acknowledge the contribution of culture to SD, welcome cultural diversity, and ratify supporting
indigenous people, traditional communities, and ethnic minorities.

A local version of SD called ‘buen vivir’ (good living) emerged in the 1990s in Latin America
(Vanhulst, and Beling, 2014). It was triggered by a combination of environmental movements and
indigenous movements against neoliberal policies. The concept is based on cultural justice and
equality, as well as harmonic relations with nature (Houtart, 2011). In fact, Ecuador endorsed the Buen
Vivir concept in its Constitution (Lalander, 2014).

Culture is important for SD because ethical values determine what is important for a person in life
(Nurse, 2006). According to Sen (2004), culture determines the motivations of a person, his/her
assessment towards risk, the way in which values are created, the degree of political participation, and
a person’s environmental awareness. Pursuant to these values, differences in social structures (e.g.
minorities, gender, etc.) rather than being homogenized, they ought to be recognized by- and
established in political institutions to cope with diversity (Young, 1990:179).

Culture may in fact be decisive for the adoption of a technology, which makes the consideration of
cultural values indispensable for rural electrification (Liu et al., 2015). Values should ultimately
determine the technological design and configuration (Urmee, 2009; McKay, 2010). Therefore,
sustainable rural electrification demands that cultural elements are institutionalized and integrated into
a country’s policy (Garniati el al., 2014).

2.5 Overview Indicators of Sustainability

Based on the theoretical framework from sections 2.1-2.4, I have defined a set of indicators for the
assessment of sustainability of rural electrification efforts based on off-grid PV solutions. A definition
for each of these sustainability indicators is provided in Table 1. The different colors in the first
column stand for different dimensions of sustainability considered in this thesis: institutional,
economic, environmental, and socio-cultural.

Table 1: Sustainability Indicator considered in the thesis and definition adopted here within the scope
of rural electrification

Sustainability

: q Indicator Definition
Dimension
Stability concerns the durability of the (national and local) formal
Stability institutions of a country. This may refer to the organization itself; its
(Durability) | legal existence, as well as the stability of personnel within the

organization (staff turnover).

Regulations embrace the legal framework of a country including its

. consistency, coherence, and liability. Standards refer to the
Regulation and | . . . . . .
o implementation and verification of technical standards for off-grid PV
Institutional Standards

systems and their accessories including the legal bounding for quality
assurance.

Adaptability implies the formal institutions’ ability to adapt to the
needs of the population and its socio-cultural circumstances. The
Adaptability | concept embraces flexible, decentralized institutional structures that
have the (technical and socio-cultural) know-how and the (de facto
and de jure) power to effectively steer rural electrification.
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Decentralization/
Participation

Decentralization and participation refer to the degree to which formal
and informal institutions work jointly together on the local

projects. The participation of a local community usually requires a
degree of decentralization of the agents in charge of the rural
electrification project.

Economic

Funding (Initial
investment/
O&M)

Funding consists of both the funds provided for the initial investment
of the off-grid PV systems (including its components, installation
costs, costs for user training and handbooks) as well as the funds to
operate and maintain the systems over their entire lifetime (including
operational costs for repairing services and substitutions (e.g.,
batteries), the administration of the systems (such as tariff collection),
the provision and storage costs for spare parts, all kinds of travel
expenses to the dwellings and back, and disposal costs).

Cost
effectiveness

Cost-effectiveness of a solution is defined by the degree to which
monetary resources are efficiently invested by the deployment of an
accurate (see indicator accuracy below) energy system for a
community with the lowest costs over the system’s lifetime.

Reliability

Reliability requires the systems to be constantly operational. Defects
are corrected in a short (and previously defined) time span. Reliability
requires spare parts and know-how to be available at the local site.

Productive Use

Energy systems are expected to contribute to the economic
development of the users. This can be achieved by (partially) using the
systems for productive uses, which generates user income (users might
then even bear O&M costs) due to a higher productivity/performance
associated with energy.

Environmental

Socio-Cultural

Environmental
awareness

Environmental awareness is defined as the consciousness of the
society on the importance of the environment. It often requires an
understanding of the connections between environmental, energy, and
social/economic issues and its value for wellbeing.

Environmental
impact

Environmental impact refers to the positive as well as negative effects
that a technology has on the environment. These impacts may be local
or global in nature. Examples for the former are the handling of
disposals (such as batteries) from the systems, noise disturbances,
pollution aesthetics, etc. The latter refers to impacts on the climate
system (due to greenhouse gases) or the loss of biodiversity
worldwide. Positive impacts may, e.g., be the avoidance of these gases
due to the adoption of “clean” renewable technologies.

Equity

Equity (disparity) is the degree of equal (distinct) treatment for
different groups of a population, e.g., rural and urban populations or
different ethnic groups on the one hand, and within groups (i.e.,
similar rural populations from one vs. another community) on the
other hand. Equity relies on the underlying concept of justice.

Equity (disparity) issues may refer to the point in time when a
community is electrified (temporal equity), the provided energy
quality and quantity (system size) for/within each group, and the
differences between energy tariffs.

Accuracy

Accuracy in sustainable rural electrification is defined as the degree to
which the solutions are conforming to the lifestyle and needs of the
users. Accuracy often refers to the off-grid system capacity for present
and future energy demand, as well as technological specifications that
consider socio-cultural factors (such as ease of use, community
lifestyle, etc.).

Social
Acceptance

Social acceptance in sustainable rural electrification is understood as
the degree to which a community agrees with a project and the
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installed technology, approves it, and ideally identifies with it. Social
acceptance is often facilitated by involving and engaging the users in
the project and by making them part of the solution, such that they
understand its advantages and limitations and agree on the conditions
(their rights and obligations).

Cultural Justice

Cultural justice refers to the consideration of/and respect for the
culture, and the motivations and values of the population (e.g.,
concerning environmental awareness).
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3 Methodology

The theoretical framework presented in Section 2 allowed me to define a set of indicators to
systematically assess the sustainability of off-grid PV systems for rural electrification in the Andean
countries and to make a meaningful comparison between the countries. These indicators comprise four
dimensions of sustainability: institutional, economic, environmental, and socio-cultural.

3.1 Literature Review

Addressing my research question implied the assessment of the sustainability of off-grid PV systems
for rural electrification not only in the Andean countries, but also in other DCs. This assessment
required analyzing each sustainability indicator defined in Chapter 2.

For this purpose, I conducted a general literature review (Chapter 3) on rural electrification projects in
DCs, which was not restricted to a geographical region, but included projects in Asia, Africa, Latin
America/Caribbe, and Oceania. The reviewed cases were from year 2000 onwards, which left me with
a total of 126 relevant documents for analysis. These documents included scientific papers, NGO
reports, conference/working papers, (PhD) theses, books (chapters), and reports from
governments/NGOs, and publications from energy institutions. Moreover, project databases from
several international organizations as well as documentations from privately led projects were
reviewed. Note that the review was purposely not restricted to scientific articles, as I was interested in
a more holistic and transdisciplinary approach including different types of stakeholders.

My analysis of the sustainability indicators for each of the three Andean countries (see Chapter 5) was
based on information that I gathered by conducting:

i.  qualitative document analysis complemented with

ii. semi-structured interviews.

3.2 Qualitative document analysis

Document analysis is often used in qualitative studies to ““...uncover meaning, develop understanding,
and discover insights relevant to the research problem.” (Merriam and Tisdell, 2015:189), as well as
when the history of events or experiences is relevant, or direct inquiry cannot provide the needed
information (Ritchie et al., 2013:35). Document analysis, though often used for supplementary data in
research, can be fundamental for tracking changes, consistency, and development over time (Bowen,
2009).

The document analysis enabled me to gather important insights on electrification programs and cases,
regulations, policies, and statistical data on rural electrification in the Andean countries. It included
public documentations; electrification laws and regulations; energy-pricing models, statistic databases;
publications on experiences from prior electrification projects (case studies); project auditing; and
scientific papers on related topics.

It further allowed assessing the consistency and compliance of regulations and laws, as well as better
understanding the progression and the changes in strategies of rural electrification policies, and the
creation/reform of relevant formal institutions (including laws and regulations). Yet, assessing the
enforcement of formal institutions required semi-structured interviews (see next section). For that
purpose, the qualitative document analysis helped me identifying and selecting experts for the semi-
structured interviews.

3.3 Semi-structured interviews

Semi-structured interviews are a method of qualitative social research that is used when: 1) a variety
of topics must be covered that are determined by the goal of research and 2) specific information
needs to be obtained from the interview (Glaser and Laudel, 2010:111). They consist of a catalogue of
topics and concrete questions that are asked to each interviewee, though the order of questions is not
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relevant, and further inquiries (that are not mentioned in the interview guideline) can be addressed
according to the course of the conversation (Glidser and Laudel, 2009:42).

Expert interviews are a common method for semi-structured interviews in social sciences, in which
experts can be described as representatives of an organization or institution (Meuser, 2002). These
experts refer to persons with special knowledge on the social issue to be researched (i.e., they are not
analyzed as actors, but are witness of a phenomenon) to reconstruct social processes or situations
(Gléaser and Laudel, 2010:12-13).

Relevant interview partners were initially selected during qualitative document analysis (see above).
However, additional interviewees were contacted by using the snowballing method, i.e., interview
partners were suggesting to contact other experts on the field (Ritchie et al., 2013:94). This method
was valid for my research, as the community on rural electrification is relatively small, and most
actors usually knew some of the other actors (or at least their organization). Interviews were mostly
held in Spanish, though some interview partners preferred their mother tongue, such that they were
held in German and English (as I am fluent in all three languages, this did not constrain the interview
in any way). Except for the banking sector (which turned out to be irrelevant for rural electrification
anyways), the response rate was extremely high in all three countries. Yet, some of the interviews had
to be conducted by phone, since interviewees were living in areas that were difficult to access, or they
were outside the country during my research stay(s).

The interviewees for my research were experts with different background and from a broad spectrum
of institution (Ministries, NGOs, universities, energy agencies), but who usually held higher
hierarchical positions (directors, project managers, leading researchers, and division leaders), as I was
interested in the overall institutional and organizational conditions. As pointed out above, these
interviews helped me understanding and unearthing issues that could not be unveiled by the document
analysis.

Before empirical research started, I defined my interview questions by systematically covering the
topics that I had identified during literature research. Next, I matched the questions to the relevant
literature resources and clustered them into the four dimensions of sustainability. Moreover, I
contrasted the questions to those from related studies for consistency, and ultimately sent them to other
researchers (including from South America) to verify their comprehension (particularly after
translation into Latin-American Spanish).

Interview questions were identical not only for each researches of one country, but also among the
three countries, which allowed for a systematic and unbiased approach. The questionnaire included the
following questions: “What has been the role of this institution for rural electrification in the past and
the present?”; “How is the rural electrification process put into practice?”’; “How are the community
members imbedded in the rural electrification projects?”; “Who and how is the compliance with the
regulation assured?” (Institutional Sustainability); “Who is paying for the initial investment/O&M
costs?”; “What has the economic impact been on the user (e.g., energy for productive uses)?”; “What
are the technical minimum requirements for the systems?” (Economic Sustainability); “How is battery
disposal handled in rural electrification?”’; “How would you describe the awareness on environmental
issues on a political and social basis?” (Environmental Sustainability); “To what extend (and how) are
projects adjusted to local circumstances?”’; “Have you found different behaviors related to the ethnical
background?”’; “Do you provide different technological solutions to different communities? If so, what
are the criteria these decisions based on?”; and “Do you remember any cases where PV systems were
rejected by a community?” (Socio-cultural Sustainability). These questions aimed to be sufficiently
broad and neutral to provide the interviewees with the freedom to answer according to their
experiences.

The information gathered by the qualitative document analysis and the semi-structured interviews
needed to be structured and reduced. I used categories or concepts to organize the data (see Ritchie et
al., 2013:202ff). A common method that allows structuring the data is stemming from ‘grounded
theory’ and is based on coding: (unstructured) text, e.g. from interviews, is coded with key words
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(either previously selected or developed during text analysis); these keywords are then hierarchically
clustered into categories that entail related topics (Gldser and Laudel, 2009:46-47). This allows for a
comparative approach of similar (repetitive) texts across different document resources (Glaser and
Laudel, 2009:46-47). For this purpose, I transcribed all recorded interviews of the respective country
and used computer-assisted qualitative data analysis software for the coding (i.e., data was labeled
with keywords). English/German texts were coded with the Spanish equivalent keyword. In the few
cases where the interviewees had disapproved being recorded, I had taken notes during the interviews
(and complemented them by additional notes right after the interviews). I retyped these notes and
loaded them into MAXQDA® software (MAXQDA, NA), the computer software I used for the
analytical support of the data management. The documents collected previous to the interviews were
imported and coded in MAXQDA together with the semi-structured interviews and notes. I also added
further documents after the interviews had finished, to verify documents I had not previously
considered on important issues that came up during the interviews.

Following the methodology described in Ritchie et al. (2013, Chapters 8 and 9), I then assigned the
coded texts to categories and sub-categories by identifying patterns of related data, which resulted in a
hierarchical structure from less to more abstract levels. Based on this data structure, in a final step I
searched for explanations, mainly by using the theoretical framework as well as by interpreting
implicit explanations given by the interviewees, which I then abstracted. All literal quotes in the
published articles were translated into English.

3.4 Inter-comparison

My findings on the sustainability of rural electrification efforts based on off-grid solutions of the
Chile, Ecuador and Peru, were inter-compared (see Chapter 6). The comparison involved the
information gathered by the qualitative document analysis and the semi-structured interviews,
complemented with additional statistical data. These data were retrieved from the World Bank
Indicator Database, from diverse Ministries such as the respective Ministry of Energy of each country,
the Ministry of Development and Social Inclusion (Peru)/ Ministry of Social Development (Chile);
Ministry of Foreign Affairs Coordinating Ministry of Strategic Sectors (MICSE by its Spanish
acronyms) in Ecuador; from several public energy agencies/regulators (e.g. National Energy
Commission (CNE by its Spanish acronyms) in Chile; Agency for Regulation and Electricity Control
(CONELEC, by its Spanish acronyms) in Ecuador; and Organization for Investment in Energy and
Mining (OSINERGMIN, by its Spanish acronyms) in Peru; and from the National Statistical
Institutions of the three countries.

As shown in Chapter 6, the conjunction of the analyzed data was used to analyze and to rate the
sustainability of off-grid PV systems in rural areas of the three countries. Although a global
assessment is also provided, following the theoretical framework described in section 2, my analysis
was initially clustered and discussed according to the four dimensions of sustainability (institutional,
economic, environmental and socio-cultural).
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4 Review on off-Grid PV (Paper 1: Sustainability of Off-Grid Photovoltaic Systems
for Rural Electrification in Developing Countries: A Review)

The first paper is a review, which provides a global overview of the sustainability of rural
electrification programs based on off-grid PV systems in DCs. It allows me to identify and to highlight
the factors that have contributed to ensuring the sustainability of the systems on the one hand, and
flaws that have inhibited their sustainability on the other hand. Following the theoretical framework
described in section 2 of this thesis, these factors were clustered and discussed according to the four
dimensions of sustainability (institutional, economic, environmental and socio-cultural).

I included scientific papers, NGO reports, conference/working papers, (PhD) theses, books (chapters),
and scientific reports from governments/NGOs and publications from energy institutions regarding
projects of rural electrification conducted in Asia, Africa, Latin America/Caribbe, and Oceania in the
review.

The reviewed projects have shown that an integrative and multidimensional rural electrification
approach is needed to ensure sustainability in the rural electrification sector. Yet, although attention
needs to be paid to each sustainability dimensions, the institutional dimension emerged as significantly
important. Indeed, I found that the absence of strengthened and empowered formal institutions (that
also assure the enforcement of laws) has been a major constrain to rural electrification in DCs, and
ultimately also compromised the environmental and socio-cultural sustainability of the off-grid PV
systems.
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Abstract: A review on rural electrification programs and projects based on off-grid Photovoltaic
(PV) systems, including Solar Pico Systems (SPS) and Solar Home Systems (SHS) in Developing
Countries (DCs) was conducted. The goal was to highlight the main multidimensional drawbacks
that may constrain the sustainability of these systems. Four dimensions of sustainability
(institutional, economic, environmental and socio-cultural) were considered in this review. It was
found that institutional flaws (such as the scarcity of durability/stability and enforcement of formal
institutions, weak regulations or standards, incomplete decentralization/participation and the lack of
institutional adaptability) seriously compromise the sustainability of rural electrification efforts in
DCs. While the lack of an effective focalized subsidy scheme (e.g., cross-tariff scheme) for the
electricity tariffs of the poor population often made projects economically unsustainable, the scarcity
of environmental awareness, regulations or incentives has often turned presumably clean energy
technologies into environmentally unsustainable projects. Progress regarding social acceptance,
accuracy and cultural justice is urgently needed for ensuring the socio-cultural sustainability of rural
electrification efforts in DCs. This review may help stakeholders to identify and (based on prior
experiences) address the most severe drawbacks affecting the sustainability of rural electrification
efforts in DCs.

Keywords: off-grid PV systems; rural electrification; developing countries; sustainable energy

1. Introduction

Access to energy offers great benefits to development through the provision of reliable and efficient
lighting, heating, cooking, mechanical power, transport and telecommunication services [1,2].
Additionally, access to power has proven economic welfare, as productivity increases with businesses,
substituting manual work by automated processes and finally leading to a positive virtuous growth
cycle [3]. According to the United Nations (UN), Sustainable Development (SD) is not possible
without sustainable energy, such that the issue has been prioritized by devoting a
stand-alone SD goal (No. 7) to sustainable energy, which implies universal access to affordable,
reliable and modern energy [4].

Although there is no universal definition of energy access and data are often scarce, the International
Energy Agency (IEA) defines energy access as “household having access to electricity and to a
relatively clean, safe means of cooking” [5]. For electricity, the methodology used by the IEA is fixing
a minimum annual household consumption of 250 Kilowatt-hours (kWh) in rural areas and 500 kWh
in urban areas [5]. According to this definition, 1.2 billion people worldwide are still lacking access to
electricity, especially those from rural areas [6].

Though it is not the only alternative (see Figure 1), a viable solution for meeting the Seventh SD goal
of the UN in vast rural areas still not served by the power grid is the deployment of renewable off-grid
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technology. One of these off-grid technologies is photovoltaic (PV) systems, which have been
installed in many Developing Countries (DCs) aiming to provide people with electricity who would
otherwise have to wait for years to get connected to the national power grid.

Renewable Energy

v

On Grid Off-Grid
OtherTechnologies Solar £
(Eolic, Hydro, etc.) olar tnergy
v
Solar Thermal Solar PV
]
\Z 2 v
Pico Systems Solar Home Systems Solar Mini-Grids
<10 Watts peak (Wp) 10-130Wp >5 kWp
Application: Individual Application: ivndi\l/idual Mini-grids, villages, productive
household (lighting); radio household (lighting/TV set, use

battery charging)

Figure 1. Types of solar PV systems. In this paper, the sustainability of off-grid PV systems is addressed.

PV systems may be used in different ways: technological solutions range from very small applications
such as Solar Pico Systems (SPS) (i.e., one to 10 watts, e.g., used for lightning to replace kerosene
lamps) to mid-scale solutions like Solar Home Systems (SHS); the latter usually have a capacity of a
10-130 watts peak (up to a 250 watts peak has been installed in some households) [7-9]. For SHS,
more artifacts, such as several lamps, a radio and TV, can be supplied with energy; yet, in addition to
the PV cells, other accessories, including batteries, an inverter (to convert DC into AC) and a charge
controller (to regulate the charge from a solar panel into a deep cycle battery bank), are necessary,
making the system more expensive. It has been estimated that worldwide, there are about six million
SHS installed today (as compared to 1.3 million systems in 2002), although significant data gaps only
allow for indicative numbers [10].

PV systems have also been installed in large-scale projects, such as hospitals or whole communities.
For that purpose, hybrid solutions (including, e.g., diesel generators or eolic systems) are combined
and fed into a local mini-grid, which can provide energy to a whole community [9]. Yet, mini-grids
will not be considered in this paper, since prior relevant efforts have already addressed mini-grids
[11,12], and their wuses may differ from SPS and SHS [13]. For instance,
mini-grids require a combination of diverse local generators with a very high technological complexity
and are used when the dispersion within the community is low [12,14].

Barriers that constrain the deployment of off-grid PV systems for rural electrification have been
described in numerous studies [15—19]. Yet, apart from entry barriers for these solutions, a high failure
rate of already deployed systems (i.e., feeble sustainability) has also been detected: e.g., in Guatemala,
45% of the systems were not operational [20]; in Laos, it was 65% [21].

In this paper, the main multidimensional drawbacks that constrain the sustainability of off-grid PV
systems are highlighted. Accordingly, an exhaustive electronic literature and project review was
performed. Although several relevant PV-based electrification efforts are referred to below, the review
was aimed at gathering an overall picture of the rural electrification efforts in DCs, rather than
addressing the success or failure of specific projects.

As explained below, the gathered information was allocated according to a set of indicators associated
with the sustainability dimensions considered in this paper: institutional, economic, environmental and

socio-cultural; see, e.g., [22-24].
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2. Materials and Methods
2.1. Theoretical Framework

Institutional sustainability demands for stability/durability [25—30], technical and service standards, as
well as coherence between laws and regulations [24—-27]. Failures in rural electrification have often
been attributed to the lack of coherence in the legal frame (laws, regulations and standards) [25,27,29]
or the absence of proper standards [31,32]. White et al. [33] have also shown how unexpected policy
changes can have negative impacts on investments and cause uncertainty. Furthermore, numerous
studies have underscored the fact that sustainable institutions should have the ability to adapt to future
needs of the population (e.g., [25,26,34-36]).

Sustainable institutions not only need to preserve themselves over time, but they should also be open to
the society and its interests, be accountable and transparent in their decision making, while equally
considering the other sustainability dimensions [24]. Therefore, decentralization and participation have
often been mentioned as indicators for sustainable institutions (e.g., [23,25,28,36-39]). Wiistenhagen et
al. [40] argue that a top-down approach at the central government level may inhibit the acceptance of a
technology at the local level. Despite the advantages of decentralization, Rondinelli et al. [41] have
pointed out the fact that decentralization may be problematic if local institutions in a decentralized
administration lack the expertise, know-how and management capacity to administrate the services.
Indeed, numerous studies have shown that the scarcity of expert know-how on Renewable Energies
(RE) can affect the sustainability of off-grid PV systems [35,42,43].

The economic sustainability of electrification solutions requires ensuring the funding or affordability of
the systems (i.e., the initial investments and the Operation and Maintenance (O&M) over its lifetime)
[24,26,29,35,38,44-47]. In the energy sector, other important indicators for the economic sustainability
of electrification solutions are the cost-effectiveness [25,26,46,48] and the reliability of supply (see, e.g.,
[25-27,34,49,50]). Moreover, since energy consumption is correlated with income, efforts on rural
electrification are expected to contribute to the income of its users [25,46,51-53]. However, if energy
projects aim at a higher productive outcome of rural communities, electrification programs need to be
coupled with complementary infrastructure, including training and education [53].

Ensuring environmental sustainability for rural electrification requires civil society’s awareness of
environmental issues, as their support is needed to enforce environmental policies and regulations [54].
Environmental sustainability also requires minimizing the negative impacts of energy solutions on the
environment. These impacts may concern the amount of greenhouse gases, such as CO,, SO, or NO (see,
e.g., [26,35,36,46,49,50,52,54,55]); a loss of biodiversity due to deforestation [26,46,50,56] or local
impacts, such as air quality caused by pollution in households, noise or aesthetic disturbances
[26,50,52,57].

Socio-cultural sustainability requires considering equity/disparity criteria between different
communities. In rural electrification, decisions have to be made regarding who will have access to
energy (first) and how much energy is provided to each household [35,37,46,56,58]. Furthermore,
attention must be paid to the accuracy of a technology for the specific environmental/socio-cultural
conditions where it will be implemented [26,59], as well as to the social acceptance, which implies a
participatory and inclusive approach in which the local community is engaged to increase
accountability [40,49,60]. It is therefore vital for ensuring socio-cultural sustainability to embrace the
notion of cultural justice, which in this context refers to justice through participation and
recognition [61]. The cultural justice in rural electrification depends on the ability shown to integrate
the technology into the existing social structures [26,35,50,54]. Indeed, as argued elsewhere (e.g.,
[34,62]), the socio-cultural context determines to what extent a technology is adopted.

The set of indicators used in Table 1 were adapted from Feron et al. [63] to qualitatively evaluate the
sustainability of the analyzed rural electrification efforts.
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Table 1. Indicators for the sustainability of off-grid PV systems (adapted from Feron et al. [63]).

Institutional Economic Environmental Socio-Cultural
Stability (durability) . Environmental ~ *-ccessibility
. Cost effectiveness (disparity,
and long-term vision awareness :
equity)
Regulation, standards Environmental  Social

Reliability

and enforcement impact acceptance

Decentralization and o
Funding (initial investment;
openness to . . - Accuracy
. operation and maintenance)
participation

Expert know-how

Contribution to
Adaptability (ability to  the income of users
meet future needs

- Cultural justice

2.2. Methodology

An extensive review of recent experiences since 2000 in the off-grid PV sector in DCs has been
conducted. The review included: scientific papers (63), NGO reports (32), conference/working papers
(12), (PhD) theses (11), books (chapters) (5) and scientific reports (3) from governments/NGOs and
publications from energy institutions, such as the International Renewable Energy Agency (IRENA)
or the International Energy Agency (IEA). Project databases from the World Bank, UN and the Global
Environment Facility (GEF), as well as documentation from privately led projects were also reviewed.

The keyword search compiled “sustainability”/’sustainable development” and “rural electrification”/”oft-
grid”/“solar energy”/“solar home systems”/”SHS”/“pico PV”/“SPS”. This step intended getting an
overview of sustainability issues in the analyzed projects. Only experiences from DCs were analyzed; thus,
any studies on developed countries were filtered out. Based on the results from Step 1, the search was
further refined in a second step by successively adding either “institutional”, “economic”, “ecological” or
“socio-cultural” to the search terms “‘sustainability”/““sustainable development”, such that the information
could be clustered according to the sustainability dimensions considered in this paper: institutional,

economic, environmental and socio-cultural.

Further analysis allowed allocating the finding to the set of indicators associated with the sustainability
dimensions considered in this paper. It should be noted that, albeit that sustainability has traditionally
been considered to be three-dimensional (either in the form of a pillar model, concentric circles or
overlapping circles; [64]), a fourth dimension (institutional) was added to the analysis due to the high
relevance of institutions for the sustainability of off-grid PV systems identified in Step 1.

The search was purposely not restricted to a geographical region (within DCs), as patterns of flaws
beyond country and cultural boundaries were of interest. Therefore, the review embraces different
continents and countries, aiming to identify common flaws that may affect the sustainability of off-
grid PV solutions. The geographic distribution of the analyzed documentation is as follows: worldwide
(42); Asia (29); Africa (28); Latin America/Caribbean (16); several countries (7); and Oceania (4).

The findings are presented below.
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3. Results
3.1. Institutional Sustainability

Numerous studies have highlighted the importance of institutions for sustainable rural electrification
[56,65,66—69]. Institutions can be understood as a framework of guidelines that set the rules of the game
for interactions between human beings [70]; while formal institutions refer to laws and regulations that
have been legally enacted by actors and that determine the political, economic and enforcement system,
informal institutions can be understood as religious or moral values and traditions that have been
established in a certain place, though they have not been legally enacted [71].

Institutional flaws have been found to constrain the sustainability of off-grid PV systems in
DCs [28,72-75]. The scarcity of durability/stability and enforcement, weak regulations or standards,
incomplete decentralization/participation and the lack of adaptability are among those institutional flaws.

3.1.1. Durability (Stability) and Enforcement

Prior efforts have shown that sustainable off-grid PV systems require strengthened formal institutions
[15,44,74-81]. Strengthened formal institutional are characterized by their stability (durability) and
their enforcement [82]. In DCs, these two factors tend to be low, which is problematic for the
sustainability of off-grid PV systems.

Concerning stability, in Ecuador for example, disruptive changes of institutions (conveyed by frequent
changes in the constitution, elimination/creation of ministries and changing regulations) have been shown
to compromise the sustainability of off-grid PV systems adopted for the electrification of rural indigenous
communities in the Ecuadorian Amazon basin [63]. In Ghana, the weak (instable) institutional framework
has been pointed out as the main reason for the lacking dissemination of SHS [83]; although incentives on
RE were announced in this country, they were later rejected by lawmakers [72]. In Nigeria, political
instability was revealed to be a major challenge for off-grid systems, since the electrification programs
were often abandoned after a change in the government [84]. These cases show the importance of ensuring
stable formal institutions for the PV system’s sustainability.

Regarding enforcement, in Pakistan for example, early burnout of bulbs and failures of solar
controllers were not addressed due to the lack of enforcement of warranties [85]. In South Africa,
weak control and enforcement resulted in previous agreements with providers in bids for
tenders [76]. In Bangladesh, on the contrary, the government-owned financial intermediary not only
set technical quality standards for SHS (e.g., establishing a testing laboratory for SHS), but also
enforced them, resulting in high user satisfaction [32]. Indeed, the state-owned Infrastructure
Development Company Limited (IDCOL) established a Technical Standard Committee that
determines the compliance with quality standards for the SHS, and their inspectors carry out physical
verifications of the installed systems to enforce their regulations and standards [86,87].

The enforcement of formal institutions strongly depends on informal institutions [88]. For instance,
although prohibited by law, corruption can be broadly accepted, given that the interpretation of its
actual meaning is tied to norms and attitudes [88]. Informal corruptive behavior is a substantial issue
for the sustainability of rural electrification efforts in DCs. In Nigeria for example, corruption was a
major reason for off-grid PV failures and ultimately led to the closure of the Rural Electrification
Agency [84]. In the Philippines, the selection of contracting partners for PV system installations
appeared to be based on personal preferences rather than on a bidding system for the most competent
partner [89]. In Pakistan, although laws and regulations for RE had been implemented, in reality, the
promised incentives for companies to invest in RE only existed on paper: the conditions were actually
set via negotiations between authorities and companies [75]. In Kenya, relationships and access to
high-ranking governmental officials appeared to be much more important than rules and compliance
with regulations [90]. Therefore, although corruption appears to have avoided the introduction of a fee
for service approach (where a company/the government is the owner and sells electricity as a service)
in Kenya, that approach was shown to be successful in Zambia, where stronger institutions exists [91].
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3.1.2. Regulations and Standards

Prior experiences have shown that the adoption of a regulatory frame favors the sustainability of rural
electrification efforts based on off-grid PV systems [75,76,92]. The existence of a regulatory agency
has also been shown to have a positive effect (e.g., [93-96]).

Flaws in the institutional framework often determine the regulatory landscape in DCs [97-99]. These
institutional flaws frequently refer to an incoherent legal frame (e.g., between the constitution, laws
and regulations) [100]. In Ecuador for example, inconsistencies between the constitution and the
regulations have been observed: though energy was declared a basic right within the Ecuadorian
Constitution, it was not anchored in the law, nor put into practice [63]. Similarly, the Chinese
Renewable Energy Law showed inconsistencies and even contradictions between its different versions
that were frequently changed [101]. Incoherent regulations were also a major issue for off-grid PV
systems in Papua New Guinea, given the inconsistent political incentives from different government
bodies [15].

Directly linked to the regulatory issues are lacking technical standards. Several studies (e.g., in South
Africa, Ghana or Bangladesh) have revealed that a lack of technical standards for PV systems led to
dissatisfaction caused by poor system performance and ultimately to a negative promotion of these
systems [15,18,42,85,102]. The lack of technical standards can reduce the quality of the systems and
may also inflate costs. The Alliance for Rural Electrification (an international NGO) has therefore
published a list of recommended quality standards for small standalone systems, but their application
needs to be assured by strengthened institutions [9].

3.1.3. Centralization/Decentralization

Centralized formal institutions may lead to inappropriate rural electrification solutions that are not
adapted to the users’ needs. In Mozambique for instance, local government agents defined household
lights as a priority in their preferences, but when the project was implemented, the central government
installed solar streetlights instead [28]. This lack of local participation in decision-making has been
frequently observed in Latin America; Canessa et al. [103] concluded in their evaluation of the
Eurosolar Program in Latin America that the low participation of communities and municipalities in
the project design phase (turnkey solutions “designed from above”) led to substantial adaptation
issues, making at risk the sustainability of the PV kits.

Decentralization is meant to facilitate participative decision-making, thus enhancing the chances of a
technology to meet the needs of the population [28,36,44,58,81,104]. Decentralized institutions may
be preferred for rural electrification since local users know best what they need and who they can trust
[105]. However, in some cases, decentralization based on (local) self-management is too costly
because of: conflicts among users; high political costs; or a lack of expertise, know-how and
management capacity of local institutions for the administration of the services [41,73,105,106].
Indeed, issues for off-grid systems related to decentralization often arose as qualified specialists with
the required (cultural and technical) expert know-how are not available in remote areas [75,79,107—
110]. For example, decentralizing the administrative resources to local authorities had been a major
constraint to the PV implementation in Mexico: management tasks (including finance and control) of
rural electrification were reassigned to the municipalities without creating the needed capacities [73].
This lack of local agents’ capacities on planning and decision-making substantially lowered the
efficiency of the systems [73].

Decentralization may also increase the risk of misalignments among institutions. If responsibilities
between local and central government bodies are not agreed upon by all of the involved parties, power
games between central and local agents or a lacking coordination between them can lead to
unsustainable PV systems. In Nepal for instance, competition and power games between the different
government agents have been the result of overlaps in their tasks [72]. In Sri Lanka, the central
government decided to connect a region to the grid; this decision made the
off-grid systems that were previously deployed by the local government redundant, because they were
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not needed any more [111]. These organizational issues are examples of how the sustainability of the
systems can be constrained by a lack of coordination between local and national governments.

According to Machado [104], the decision for or against a decentralization/centralization ultimately
depends on the particular circumstances of each country. Nevertheless, polycentricity has been proposed
as an alternative solution. Polycentricity is based on different authorities with overlapping jurisdictions
[105] and on sharing the power between multiples actors and
mechanisms [112]. The logic behind polycentricity is tackling problems of energy at several levels, such
that the advantage of local initiatives (e.g., exchange of knowledge, control measures by locals who
know the area, identification with a project, etc.) can be exploited in parallel with national
initiatives [113]. Empirical results of decentralized small-scale electricity projects in seven countries
have already shown that polycentricity may in fact improve energy governance [114]. Still, in many DCs
(e.g., China, Brazil, Thailand), top-down decision-making has been preferred over a
polycentric approach [115].

3.1.4. Expert Know-How

Several studies have shown that the scarcity of expert know-how on RE can affect the sustainability of
off-grid PV systems [35,42,43]. The lack of technicians has led to poor implementations (e.g., causing
shadowing or the wrong size of cables), the use of uncertified materials and to under-sizing (due to
erroneous power capacity estimations) [75,79,107—110]. Therefore, sustainable off-grid PV systems
require generating critical expert know-how. The latter is often a challenge because of significant gaps
in the educational system of DCs. Tailored PV solutions for local needs would require innovation and
development from local universities, but they often do not have the capacities to generate this
knowledge. For example, in Bolivian universities, it was found that poor infrastructure, low wages and
missing research programs hampered innovations [80]. Pansera [81] found that the institutionalization
of strategic knowledge, which is fundamental to educate experts in solar energy, is still lacking in
Bolivia. In Peru, the major constraint concerning human resources has been assigned to the lack of
instruction on solar energy; therefore, the country has significant deficiencies in competent technicians
[116]. A prioritization of capacity building as a long-term goal is therefore critical for enhancing the
sustainability of off-grid PV systems.

3.1.5. Adaptability of Institutions

Prior experiences have shown that the sustainability of rural electrification efforts based on
off-grid PV systems can be seriously compromised by the lack of adaptability of formal institutions
(i.e., the ability to meet the changing needs of the rural population) [25,34,36,117]. Due to the lack of
adaptability, the capacity of the off-grid systems tends to be too small for income-generating activities.
Indeed, PV systems are typically installed without considering the population’s requirements on
current and future energy demand, location, technology or the energy potential for future uses [118].
For example, in Bangladesh, less than 9% of the households used the energy from SHS to generate
income [119]. Accordingly, users tend to consider the off-grid PV systems a backup solution (with
limited energy capacity), being afraid of not receiving the promised grid.

3.1.6. Key Points

Sustainable off-grid PV systems require strengthened formal institutions, which are characterized by
their stability (durability) and their enforcement. Prior rural electrification efforts have shown that
weak formal institutions hinder the compliance with rules due to peoples’ expectations of sudden
changes or a lack of enforcement.

The adoption of a regulatory frame and standards favors the sustainability of rural electrification efforts
based on off-grid PV systems. The existence of an agency aimed at rural electrification has been shown
to have a positive effect. A decentralized agency may also facilitate adaptability and participative
decision-making, thus enhancing the chances of a technology to meet the needs of
the population.
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3.2. Economic Sustainability
3.2.1. Cost-Effectiveness

For an electrification solution to be sustainable, it needs to be cost-effective given that financial
resources are scarce, especially in DCs [26,46,120]. Off-grid PV systems can be a cost-effective
solution in the case of dispersed populations with low per capita energy consumptions [121,122].

However, governments often favor costly conventional energy sources over RE: indeed, in 2015,
global energy post-tax subsidies on coal, petroleum, natural gas and electricity totaled US $5.3 trillion
(i.e., 6.5% of the global GDP), with the greatest share given to coal (3.9% of global GDP) [123]. In
Malaysia for instance, Petroliam Nasional Berhad (PETRONAS by its acronyms; the oil and gas state
company) gave a 60% subsidy on natural gas to the utilities, such that RE had to compete with
extremely low prices [124]. In Nigeria, total kerosene subsidies were higher than social programs for
security, critical infrastructure, human capital development and land and food security combined
[125]. These subsidies are particularly high in some DCs, including the Middle East, North Africa,
Afghanistan and Pakistan, the Commonwealth of Independent States and Emerging and Developing
Asia, where they amounted to 13—18 percent of the respective national GDPs [123]. In Vanuatu for
instance, the local electricity utility was exempted from tax duties for diesel acquisitions, thus giving
them a substantial competitive advantage over RE providers for rural electrification [79]. Contrarily,
duties on PV cells and modules were found to be up to 50% in Pakistan [75]. These policies favor
unsuitable energy sources, neglecting the internalization of external costs caused by environmental
damages and, in turn, blocking cost-effective solutions [126].

Not only governments exhibit problems for adopting cost-effective solutions for rural electrification.
PV systems have a higher initial investment, while lower Operation and Maintenance (O&M) costs
relative to other off-grid solutions (e.g., diesel generators). Therefore, low-income households avoid
buying these off-grid PV systems, although over the lifetime, they would pay off [9]. Rolland [9]
explains this behavior with the unavailability of financial products (e.g., microcredits) in rural areas, as
well as with the near future focus of the poor population. The lack of tailored financial products can
often be attributed to the deficient know-how on alternatives for financial tools that are valid for rural
off-grid PV systems. In Lesotho, for instance, neither the users nor the financial institutions were
properly trained to make use of financial solutions, and no lending schemes tailored for renewable
systems were offered [127]. As a result, costly (and therefore, unsustainable) solutions are oftentimes
chosen.

3.2.2. Reliability

Ensuring the sustainability of off-grid PV systems entails making the energy supply
reliable [25,27,34,50]. For rural areas, energy reliability demands for the availability of spare parts, as
well as user know-how to understand the functionalities, use the systems appropriately and exert
simple maintenance [34].

The availability of spare parts has been one of the critical success factors of the SHS in Bangladesh,
where spare parts were held in offices that were at most a few kilometers away from the project area
[128]. However, in the case of many other rural electrification projects, spare parts are often not
available due to a distribution network focused on highly populated areas [81,129,130]. The scarcity
of spare parts makes off-grid PV systems unreliable, thus compromising their sustainability.

Moreover, user training has been proven to enhance the reliability of the systems. In Bangladesh for
instance, training programs have been undertaken by IDCOL for creating awareness not only among
the installation companies, but also among the customers [88]. Nonetheless, many off-grid PV projects
worldwide became unsustainable as they ignored the importance of user know-how (e.g.,
[15,31,69,79,102,107,108,111,131-133]). For example, in Uganda, Tillmans and Schweizer-Ries
[107] reported a substantial knowledge drop in the chain of information (manufacturer-local
supervisor and NGO-local solar company and user) towards the user. This experience has shown that
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an organizational structure that assures transmitting the know-how for proper handling is
indispensable for the systems’ reliability.

3.2.3. Initial Investment

The sustainability of off-grid PV systems further involves ensuring the affordability of the systems.
Electrification programs aimed at rural communities are usually unprofitable in DCs (due to high
dispersion, low energy demand; difficult access, etc.). For instance, Best [98] found that in Argentina,
logistic costs, on the one hand, and low consumption of rural populations, on the other hand, made the
rural electrification market unattractive for investors.

Moreover, numerous studies have shown that the relatively high initial investment costs make off-grid
PV systems unattainable for rural households in DCs [9,79,118,124,134,135], except for the rural elite
[136]. In India for instance, given the unequal income distribution, SHS could only be afforded by
around 10% of households [135]. Part of the problem is that rural households are mainly socially
deprived and not in a strong bargaining position to negotiate conditions for the acquisition of a system
[111]. Even if a loan for off-grid PV systems is provided to rural families, this does not imply that the
users can meet the repayment rates. In addition to the irregular income of rural families and despite
being aware of their installment rates, these families often have no clear view of their earnings [111].

Due to these conditions, the sustainability of off-grid PV systems aimed at the rural population in DCs
may require policy intervention, which means allocating public funds for covering both the initial
investment and the O&M of the systems or subsidizing private investment in rural electrification. In
Ecuador for example, the high rate of rural electrification can be partially explained by the existence
of “Fund for Rural and Urban-marginal Electrification” (FERUM by its Spanish acronym). Since 1998
until 2008, the FERUM received resources from a 10% tax charged to the tariff paid by on-grid
commercial and industrial consumers around the country, funding initial investments associated with
rural electrification efforts [63]. In Bangladesh, the state-owned IDCOL provides soft loans to so-
called Partner Organizations, companies that install the PV systems and operate them afterwards;
IDCOL itself receives funds from international donors, such as the World Bank, to foster private
investments [87,88]. Bangladesh also applies indirect subsidies (soft loans and slow repayment terms)
[137]. In Kenya, favorable loans to users and suppliers have also contributed to the wide diffusion of
SHS [138].

3.2.4. Operation and Maintenance

Ensuring the sustainability of off-grid PV systems requires covering O&M over their lifetime ([29], p.
28, and [44]). However, numerous project failures can be related to the lack of funds for covering
O&M [7,38,81]. For example, in the case of projects funded by private donors, several studies have
found that they tend to prefer only paying for the initial costs of the PV systems, avoiding the long-
term commitment associated with O&M; (e.g., [108,111]).

Part of the problem is that the O&M costs of the off-grid PV systems can be hardly estimated, as
outlay may vary considerably depending on factors, such as the availability of trained maintenance
providers, community dynamics or the possibility of training local users [122]. As a consequence,
O&M costs have been frequently underestimated. For example, Carrasco et al. [139] found that in
Morocco, where more than 13,000 off-grid PV systems were installed, the user fee (a fee for service
approach was used) covered only 14.9% of the global costs over the system’s lifetime; this fee did not
cover O&M, which led to an unsustainable economic situation. Indeed, a fee for service approach for
off-grid PV systems will unlikely succeed when the rural population in DCs can hardly afford the
O&M costs for items, such as battery replacement or maintenance devices.

Assuring the sustainability to the off-grid PV systems may therefore involve subsidizing the electricity
tariffs of poor population (such that all O&M are covered). According to
Eberhard et al. [140], widespread subsidies for electricity never reach the poor; instead, the authors
registered highly regressive effects from subsidies for power provision in Sub-Saharan Africa.
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Therefore, an effective focalized subsidy scheme (e.g., cross-tariff scheme) that reaches the poor and
assures covering the O&M is advisable [111,127,141].

3.2.5. Contribution to User Income (Productive Use)

Electrification not only provides greater comfort to households, but it can also contribute to a higher
income of the users [46,142—144]. In fact, high potentials of productive uses have been revealed in
various studies (e.g., [145—-149]). For instance, Glemarec [150] resumes numerous studies, which
coincide that an additional household income of around US $900 can be obtained from productive use
thanks to access to electricity. This has also been observed for off-grid PV systems: for instance, in
Ghana, an additional income of US $5-$12/day could be attained in grocery stores thanks to solar PV
lighting [151].

In fact, a great variety of applications of off-grid PV systems for productive use can be found.
Fishbein et al. [147] and Board [152] name among others e-commerce of digital local culture and
handicrafts, artisan, rural industry, agricultural uses (e.g., pumping water for livestock,
micro-irrigation, ice production for fishermen, fish farming, and milk cooling tanks), solar water
heaters and ovens, shops, cinemas, tourism, stations for battery charging, food processing, drinking
water pumps, grinding and refrigeration. For instance, PV-powered water pumps for irrigation have
been shown to have a significant potential. For example, in Chile, the Agency for Agrarian
Development (with the support of the Ministry of Energy) replaced about 1400 pumps powered by
fossil fuels by PV-powered water pumps (subsidizing 90% of the initial investment), which allowed
the farmers to irrigate with very low O&M costs [153].

Although the PV systems are in many cases even simpler than the fossil fuel solutions [147] and
despite its productive potential, a study from the World Bank [154] found that still the vast majority of
rural electrification is for residential use, whereas industrial development has been very limited. For
example, in Bangladesh, less than 9% of the households used the energy from SHS to
generate income [119].

The limited use for income generation can be mostly explained by a lack of user know-how and proper
training on the different uses of electricity [108,119]. On this note, the provision of electricity does not
automatically lead to productive uses [149], but requires complementary government programs
[108,147,155]. Interdisciplinary projects involving cross-sectorial collaboration would be needed (for
example with the ministry of education or similar institutions of the respective country), but the
missing cooperation between the countries’ ministries or organizations makes this collaboration
difficult. The Renewable Energy Project in Rural Markets (PERMER by its Spanish acronym) in
Argentina for example set up about 6000 SHS and 1449 school systems with lights [98]; yet, since the
program had not been aligned with other programs (such as the telecommunications or in a productive
sector, like agriculture) on a province level, its impact on poverty reduction was low [98].

Similarly, in the Eurosolar Project in Latin America (which embraced Bolivia, Ecuador, El Salvador,
Guatemala, Honduras, Paraguay and Peru), the different ministries (e.g., Ministry for Health,
Education, with the Energy Ministry) had to work together to build an infocenter on REs; the main
objective was to set up an integral program including access to the Internet, printers, computers,
phones, water purification, fridges and lightning. Thus, the program required cooperation between
these ministries, but the coordination became very challenging, as each of the ministries had its own
budget, organization and plans [80]. As summarized by Kapadia [156], sectorial boundaries
(especially with the health and the educational sector) are extremely hard to overcome and demand for
considerable knowledge transfer from experts of both (several) sectors.

3.2.6. Key Points
The economic sustainability of off-grid PV systems aimed at poor rural population in DCs requires

policy intervention, which means allocating public funds for directly covering both the initial investment
and the O&M of the systems or for subsidizing private investment in rural electrification.
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Off-grid PV systems can also decisively promote local economic development since rural
electrification has the potential to contribute to the user income. However, prior experiences have
shown that productive uses of off-grid PV systems require additional government programs, offering
cooperation and training. Indeed, user training has been proven to enhance the reliability of the
systems, ensuring in turn their sustainability.

3.3. Environmental Sustainability
3.3.1. Environmental Awareness

Environmental sustainability demands that civil society to be aware of environmental issues, such as
environmental norms and regulations [86]. Kollmuss and Agyeman [157] define environmental
awareness as “knowing of the impact of human behavior on the environment” (p. 253). Education is
vital for creating environmental awareness, as shown, e.g., in Brazil, where the level of education was
found to be a strong predictor of the awareness on environmental issues [158]. However, especially
rural and remote areas in DCs often have a weak education system. For example, Yu [159] revealed in
a comparative study in China that environmental awareness was much lower in rural areas than in
urban areas.

Nonetheless, education is not enough for ensuring environmental sustainability, since human behavior
may also be affected by external factors (such as institutional and economic factors) [157]. These
external factors demand economic and institutional policies that provide regulations and incentives
(e.g., subsidies on RE), as well as an appropriate infrastructure (such as recycling bins) to foster a pro-
environmental behavior [157]. Often, the lack of proper education, regulations and incentives may
lead to environmental issues. For example, in Ghana and in the Ecuadorian Amazon basin, the lack of
policies for ensuring recycling and proper disposal of PV modules and batteries after the end of their
service life resulted in the batteries being simply buried, releasing acid substances into nearby lakes
and rivers [63,160].

3.3.2. Positive Environmental Impacts

Due to their relatively low environmental impact, PV technologies for rural electrification yield long-
term benefits in terms of pollution abatement and climate change mitigation. In contrast, fossil fuels
can lead to important negative co-impacts as they contribute to climate change, emitting not only
Greenhouse Gases (GHG), but also producing about 1/4 of Short-Lived Climate Pollutants (SLCP)
like black carbon (BC) [161]. BC is not only produced in households from cooking and heating, but
also from lightning; Mills [162] estimates that worldwide, approximately 500 million households
consume 77 billion liters of kerosene and other liquid fuels for lightning. According to
Lam et al. [162], the environmental impact is significant, as 7%-9% of fuel from kerosene lamps
converts to almost pure BC. Indeed, 270,000 tons of BC are currently emitted by these lamps, which is
roughly equivalent to the forcing that 230 million tons of CO, exerts over 100 years after
its emission [163].

3.3.3. Negative Environmental Impacts

Although RE including off-grid PV systems are an alternative for reducing negative environmental
impacts from lightning in remote areas [120], they may also do environmental harm if not properly
used. As mentioned above, one major potential source of environmental co-impacts is inappropriate
battery disposal. For instance, in Guatemala, Corsair [164] found that almost all users threw their lead-
acid battery from off-grid PV systems away as regular waste; in one case, the battery was even given
to a child as a toy. Likewise, in Nepal, the users dropped the batteries on the ground, which led to
damages caused by acid spoiling [165]. Analogously, in Uganda, acids diluted with lead compounds
were poured outside the users’ houses [166]. These cases show that even presumably clean
technologies may become environmentally unsustainable in the context of a scarcity of environmental
awareness and regulations, weak enforcement and lacking incentives.
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However, the potential negative environmental impacts of off-grid system can be overcome if
regulation are adopted and enforced. In Bangladesh for example, a battery-recycling policy was
introduced in 2013 when the government forced the battery retailers to recycle batteries [167].

3.3.4. Key Points

Although PV technologies for rural electrification yield long-term benefits in terms of pollution
abatement and climate change mitigation, the lack of environmental awareness and policies (for
example on ensuring recycling and proper disposal of PV modules and batteries) may also lead to
negative environmental co-impacts.

3.4. Socio-Cultural Sustainability
3.4.1. Accessibility (Disparity, Equity)

The access to energy (i.e., the accessibility) is driven by the notion of social justice, which determines
the equity/disparity between different groups of people (such as gender or race). Accessibility aims at
equal opportunities to receive clean and reliable energy [37,46,56,58,168]. Off-grid PV systems offer an
alternative for greater equity, as they may provide energy access to the vulnerable population (e.g.,
women or indigenous people) where a grid connection would not be viable [169].

As discussed elsewhere [170], energy has been key for equity from a gender perspective and was
therefore included in the UN Millennium Development Goals. Household electrification is important
not only because women are the main users of residential electricity, but also because they have to
carry the burden of collecting biofuels (leading to physical exhaustiveness and a significant loss of
their time that could be used for productive uses); girls cannot attend school because they have to help
their mothers collect biofuels; without electricity, women do not have access to information through
telecommunication on modern family planning, their rights and empowerment; and women are mainly
exposed to indoor air pollution [170].

Nonetheless, significant inequalities in the energy sector remain between genders, especially in DC
[112]. Off-grid PV systems have been no exception: for instance, in Bangladesh, between 2005 and
2010, 2797 women from low-income households received a 15-day technological training sponsored
by the U.S. government agency USAID to repair and operate SHS; it aimed to integrate women into
the value chain of Grameen Shakti (a subsidiary of the Grameen Bank), the fastest growing rural-
based RE company of Bangladesh, and to ultimately enhance women’s employment and income
situation [171]. Yet, despite a huge boom of SHS installations (more than one million) in Bangladesh,
none of these women got a job as an entrepreneur in the RE sector, which was partly due to male
domination in the company [171]. Furthermore, in India, Sundarban women had limited control over
financial assets, which left them without any decision-making power concerning electrification
projects; men paid for the solar systems and were also the owners, as electricity was considered to fit
into the scope of male responsibilities [172]. In addition, it was found that when women saved time
thanks to a newly-introduced technology (e.g., solar cookers), men tended to become suspicious,
which was explained by the fact that men felt bypassed, as they were no longer the providers of
technology [173].

Energy disparity between urban and rural areas also remains in many countries and is becoming
greater instead of smaller. For instance, according to Nathan [174], the gap between urban and rural
electricity consumption in India has tripled in 25 years. The situation is often aggravated due to higher
electricity tariffs in rural areas; e.g., in urban parts of Cambodia, tariffs amounted to US $0.15/kWh as
compared to US $1.00/kWh in rural regions [175].

3.4.2. Accuracy

Accuracy implies designing energy solutions according to the socio-cultural reality, which implies
meeting the needs of the local community rather than implementing a plug and play solution (without
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further knowledge of the local context) [26,59]. Estimating an accurate capacity of a PV system for the
rural population of DC is challenging, since standardized econometric energy models used in
developed countries (which estimate the demand based on a representative consumer) are not suitable
for rural areas of DC [176]. While new models suitable for DCs could be developed, the lack of input
data for accurately modeling the energy demand is challenging [177]. In Cambodia for example, the
unavailability of statistical data on electricity demand was a main barrier for project development in
rural areas [178]. This problem has been confirmed iteratively in studies focusing on DCs, e.g., by
Sarkar and Singh [77], Bhattacharyya and Timilsina [179] and Mundaca and Neij [180].

Inaccurate systems often lead to unsatisfied users and in turn unsustainable solutions. For instance, in
Indonesia, users were dissatisfied with the SHS, because they expected them to run applications, such
as TVs or radios, refrigerators or rice cookers, as they had been used to from diesel generators [181].
As illustrated in that study, a higher energy demand from users was not met by the inaccurate solutions
installed.

Moreover, adapting the off-grid PV systems to the local needs can be challenging, as engineers and
designers (typically from developed countries) do not know who their users are and how their products
are used. Hence, they often fail to adapt the systems to the local conditions [7]. For example, in
Ethiopia, lamps were perceived to be of low quality, although they received a high quality rating in
Germany; as revealed by Miiggenburg et al. [60], this was due to different quality criteria from
Ethiopian users, who appreciated attributes like the cone of light, handling for multi-purpose usage, a
non-glaring lamp, robustness and the duration of the light.

Difficulties are further aggravated as users may give statements about their preferences they know the
project managers want to hear, first to avoid disappointed expectations and second to continue
receiving donations or subsidies. For instance, in Papua New Guinea, the motivation of the users (for
receiving electricity) does not necessarily concur with the ideals of a donor: although the end-users
stated that they used the electricity for expanded study hours, they actually preferred to rest at nights
[15]. This can be explained by the fact that, e.g., farmers in rural areas may live in a different rhythm
than urban electricity users. Similarly, although electricity from off-grid PV systems may extend
working hours, which is generally advocated to increase people’s income (see,
e.g., [42,119,131]), women were found to refuse electricity given the additional work burden [173].

Women’s necessities are indeed often ignored in the design of the project/technology despite their
substantial importance for accurate solutions as principle energy users [182—185]. In a review of
projects for sustainable energy solutions based on small-scale projects that were implemented
worldwide between 2007 and 2012, Terrapon-Pfaff et al. [186] revealed that almost half of the
projects poorly considered gender-related issues, if at all. In the Eurosolar Project for instance, gender
was not contemplated in any way in the project design [103]. One reason for this may be that in some
countries it is particularly difficult to ask for women’s opinions, as they need prior permission from
their husbands to reason [42]. The consequences may be devastating, as, e.g., exposed by Clancy
[187]: SHS did not provide sufficient energy for family meals, and cooking with solar cooking stoves
did not match with the eating time of many cultures. These issues occurred because the energy
systems were designed according to men’s prospects, although women were the principal energy
users, resulting in inaccurate solutions for the users and ultimately in the system’s abandonment.
Therefore, understanding rural lifestyle is needed to tailor a technology and improve the accuracy,
reducing in turn rejection and disappointments [15].

3.4.3. Social Acceptance

Many authors consider that ensuring the sustainability of PV systems in DC’s rural areas stands for
socio-cultural, rather than technological challenges [9,31,107,108,111,188]. For an energy system to
be sustainable, it needs to be socially accepted, which implies the active participation and engagement
of the community aimed at enhancing the accountability of the project [40,47,50,56,60,189,190]. Off-
grid PV systems can be a great opportunity to assure social acceptance; Burton and Hubacek [191]
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found that, compared to large-scale solutions, small-scale energy approaches may have a higher social
acceptance.

Nonetheless, lack of communication concerning the applications and limitations of off-grid PV
systems can lead to false expectations and negative perceptions, thus constraining their
acceptance [107,108,192,193]. In French Guiana for instance, users complained about a lack of
relationship and insufficient contact with the installing company; the negative attitude towards the
company was the principal factor for rejecting the PV systems [194]. The Renewable Energy Policy
Network for the 21st Century (REN21) [195] confirm that the lack of the commitment of a community
leads to a detachment of actual local requirements and the deception of rural users. As argued by
Campbell et al. [196], levels and types of participation need to be mapped to all interest groups of the
community that are characterized as “complex, self-organizing, self-imagining, and conceptually
productive” actors.

Poor participation has been found to lead to social issues. For example, according to the
UN [127], the lack of involvement of the community resulted in theft of off-grid PV components in
South Africa. Indeed, vandalism took place in several countries (e.g., Papua New Guinea, Tunis,
China; several African countries), and systems were broken (e.g., [3,69,85,103]). In Ethiopia, users
took the systems with them instead of charging them at home due to envy issues within the community
[60]. This behavior is also believed to be due to the lack of mutual social control [85]. Therefore,
Frame et al. [47] propose that the community should own the systems (SHS, as well as PV solutions
for community facilities like schools and health centers), which implies getting organized in a
committee to administrate and maintain them to generate a sense of responsibility. Still, McKay [165]
compared two models of ownership to set up off-grid PV systems in Nepal and found that social issues
emerged in both cases. The first model was based on a cluster solution (i.e., community ownership),
which connected several houses to a battery bank that was stored in one of the houses; despite
significant cost savings of this solution, it had numerous drawbacks. Not only the users complained
about the free-rider problem of their neighbors (connecting more devices than initially agreed upon),
but they could not even protest about it owing to the cast system prevailing in Nepal. Additionally,
when the user who held the batteries in his/her house moved during seasons, the other users did not
have access to it. In the case of the individual SHS (second model) by contrast, it was observed that
individual owners had sold donated components, since the community as a whole was not the owner,
and thus, it did not oppose any pressure [165].

A case study conducted in Mozambique [25] provides a positive example of how the participation of
the local community can contribute to the social acceptance (and in turn, to the sustainability) of
energy solutions: a management committee consisting of different user groups who represented the
users’ interest was set up for managing and enforcing the agreed terms; it assured direct collaboration
with the local government, which in turn communicated with higher government officials. The
committee contributed to the engagement and commitment of the users, which made it a key success
factor of the project [25].

3.4.4. Cultural Justice

Some authors have suggested that culture should be a sustainability dimension, e.g., in terms of
cultural integrity for indigenous people [19]. Culture determines the responsible conduct and
motivations of a person, risk assessment, degree of political participation, value formation and
environmental awareness [197]. Cultural justice for energy concerns the respect for cultural habits and
values when designing an energy solution [65]. Unfortunately, the culture of small rural communities
is often not considered in the execution of public policies. For example, in Ecuador, the government
has been building micro-grids for semi-nomadic communities (who regarded nomadism as a cultural
value), who were then expected to adapt their culture to this new reality [63]. Similarly, de Swart
([198], p.12) cautions about social enterprises that implement RE in indigenous communities and
unconsciously impose their values and beliefs on the people. Urmee [199] therefore argues that it is
indispensable to understand the community, i.e., how decisions are made, their culture, interests and
habits, which allows for a more sustainable solution. Hirmer and Cruickshank [59] argue that creating
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value (cultural, social, emotional, functional, etc.) for the users of an off-grid system is particularly
important for its sustainability.

3.4.5. Key Points

Off-grid PV systems offer an alternative for greater equity, as they may provide energy access to the
vulnerable population (e.g., women or indigenous people) where a grid connection would not
be viable.

For an energy system to be sustainable it must be accurate (which means meeting the needs of the
community respecting its particularities and culture); and it must be socially accepted (which requires
the active participation and engagement of the community in the design, implementation and operation
of the project).

4. Discussion and Conclusions

A review of rural electrification programs and projects based on off-grid PV systems (including SPS
and SHS in DCs) was conducted. The gathered information was allocated according to a set of
indicators associated with the sustainability dimensions considered in this paper: institutional,
economic, environmental and socio-cultural. The goal of this review is to highlight the main
multidimensional challenges that may constrain the sustainability of off-grid PV systems in DCs.

Prior efforts have shown that sustainable off-grid PV systems require strengthened formal institutions,
which are characterized by their stability (durability) and their enforcement. In DCs, these two factors
tend to be low, which is problematic for the sustainability of off-grid PV systems. The adoption of a
regulatory frame (including technical standards) and the existence of a regulatory agency tend to favor
the sustainability of rural electrification efforts based on off-grid PV systems. However, prior
experiences have shown that the enforcement of these formal institutions strongly depends on informal
institutions. For instance, informal corruptive behavior is a substantial issue for the sustainability of
rural electrification efforts in DCs. The international experience suggests that ensuring the PV
system’s sustainability requires paying attention to forming or adopting formal institutions, as well as
ensuring their enforcement.

Centralized formal institutions may lead to inappropriate rural electrification solutions that are not
adapted to the users’ needs. Decentralization is meant to facilitate adaptability and a participative
decision-making, thus enhancing the chances of a technology to meet the needs of the population.
However, decentralization may also increase the risk of weak coordination between local and national
governments and the lack of expert know-how (often not available in remote areas).

The lack of expert know-how is related to significant gaps in the educational system of DCs since
local universities often do not have proper capacities to generate this knowledge. The lack of
technicians has led to poor implementations (e.g., causing shadowing or the wrong size of cables), the
use of uncertified materials and to under-sizing (due to erroneous power capacity estimations). A
prioritization of capacity building as a long-term goal is therefore critical for enhancing the
sustainability of off-grid PV systems.

Not only expert know-how is required. Many off-grid PV projects worldwide became unreliable (and
in turn, unsustainable) as they ignored the importance of the user know-how. An organizational
structure that assures transmitting the know-how for proper handling is indispensable for the systems’
sustainability.

For an electrification solution to be sustainable, it also needs to be affordable and cost effective.
Although off-grid PV systems are a cost-effective electrification solution in the case of disperse
populations with low per capita energy consumption, governments often favor costly conventional
energy sources over RE. Not only governments exhibit problems for adopting cost-effective solutions for
rural electrification. The unavailability of financial products (e.g., microcredits) and the higher initial
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investment of PV systems make off-grid PV systems unattainable for rural households in DCs and often
force the poor population in rural areas to choose costly (and therefore, unsustainable) solutions.

The economic sustainability of off-grid PV systems aimed at poor rural populations in DCs may
require policy intervention, which means allocating public funds for covering both the initial
investment and the O&M of the systems. Numerous project failures can be related to the lack of funds
for covering O&M or their underestimation. Therefore, assuring the sustainability of the off-grid PV
systems requires an effective focalized subsidy scheme (e.g., cross-tariff scheme) for the electricity
tariffs of poor population (such that all O&M are covered).

Although electrification is expected to contribute to a higher income of the users, several cases
worldwide show that the provision of electricity does not automatically lead to productive uses. Part of
the problem arises from the lack of user know-how and proper training on the different uses of
electricity, which demands for interdisciplinary projects involving cross-sectorial collaboration (for
example, with the ministry of education or a similar institution).

Due to their relatively low environmental impact, PV technologies for rural electrification yield long-
term benefits in terms of pollution abatement and climate change mitigation. However, the lack of
environmental awareness and policies (for example, on ensuring recycling and proper disposal of PV
modules and batteries) has led to environmental co-impacts in several DCs. These lessons shows that
even presumably clean technologies may become environmentally unsustainable in the context of the
scarcity of environmental awareness and regulations, weak enforcement of regulations and the lack of
ncentives.

Off-grid PV systems offer an alternative for greater equity as they may provide energy access to the
vulnerable population (e.g., women or indigenous people) where a grid connection would not be
viable. However, energy solutions should be designed accurately (i.e., according to the socio-cultural
reality of the users). Inaccurate systems (unable to meet the actual energy demand) often lead to
unsatisfied users and, in turn, unsustainable solutions. Several cases worldwide show that
understanding the rural lifestyle is needed to tailor a technology and improving the accuracy, reducing
in turn rejection and deception.

For an energy system to be sustainable, it needs to be socially accepted, which implies the active
participation and engagement of the community aimed at enhancing the accountability of the project.
Compared to large-scale solutions, small-scale energy approaches may have a higher social
acceptance. However, a lack of communication concerning the applications and limitations of
off-grid PV systems can lead to false expectations and negative perceptions, thus constraining their
social acceptance. Prior experiences show that in order to avoid social issues (envy, stealing, etc.),
participation needs to include all interest groups of the community.

Sustainable energy solutions should be designed respecting the cultural habits and values of local
population. Unfortunately, the culture of small rural communities is often not considered in the
execution of public policies in DCs. Sustainable energy solutions for small rural communities require
better understanding the community, i.e., how decisions are made, their culture, interests and habits.
Progress regarding social acceptance, accuracy and cultural justice is urgently needed for ensuring the
socio-cultural sustainability of rural electrification efforts in DCs.

The reviewed efforts on rural electrification have shown that ensuring sustainability requires an
integrated and multidimensional approach. Although the dimensions of sustainability (institutional,
economic, environmental and socio-cultural) are strongly interwoven and are deeply interdependent,
prior experiences have underlined the importance of paying special attention to the institutional
dimension. Indeed, the absence of strengthened and sustainable formal institutions appears to be a major
drawback in DCs that, by inhibiting law enforcement, compromises the environmental and
socio-cultural sustainability of rural electrification efforts, particularly in rural areas.
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Abbreviations

BC Black Carbon

CO; Carbon dioxide

CC Climate Change

CTF Clean Technology Fund

DCs Developing Countries

FERUM Fund for Rural and Urban-marginal Electrification
FDI Foreign Direct Investments

GEF Global Environmental Facility

GHG Greenhouse Gases

IDCOL Infrastructure Development Company Limited
IEA International Energy Agency

IRENA International Renewable Energy Agency

kWh Kilo Watt hours

NGO Non-Governmental Organization

o&M Operation and Management

PERMER Renewable Energy Project in Rural Markets
PETRONAS Petroliam Nasional Berhad

PV Photovoltaic

RE Renewable Energy

REN?1 Renewable Energy Policy Network for the 21st
Century

SD Sustainable Development

SHS Solar Home Systems

SLCP Short-Lived Climate Pollutant

SPS Solar Pico Systems

UN United Nations

UNDP United Nations Development Programme

WHO World Health Organization

Wp Watts peak
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5 Sustainability of off-grid PV systems in selected Andean countries (Paper 2-4)

5.1 Paper 2: Sustainability of rural electrification programs based on off-grid photovoltaic
(PV) systems in Chile

In this paper, I assess the sustainability of rural electrification efforts in Chile. Following the
theoretical framework described in Chapter 2, my assessment considers four dimensions of
sustainability (institutional, economic, environmental, and socio-cultural), while according to the
methodology described in Chapter 3, my findings are based on an exhaustive qualitative document
analysis, complemented by semi-structured expert interviews.

I found that programs aimed at supporting agricultural activities have had widespread success. Also,
systems from big scale rural electrification projects conducted by the Ministry of Energy are still
operational. However, great differences in the operational sustainability of different projects persist.
Particularly small-scale projects have struggled with maintenance issues. A national energy agency
aimed at the operation of off-grid systems is needed for technological support and supervision.
Moreover, a cross subsidy fund could contribute to the economic sustainability of the systems, since
there is currently no funding assured for O&M. Despite of an augmenting awareness of environmental
issues in Chilean society, a stronger public role in the country’s energy policy is indispensable to
tackle environmental as well as socio-cultural issues.
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Abstract
Background

Mainly based on expanding the grid, Chile has reached an impressive electrification rate. However,
due to unviable grid expansion to islands and remote areas of the country, the government started
implementing off-grid Electrification Programs. In this paper, we assess the sustainability of rural
electrification efforts in Chile paying special attention to off-grid photovoltaic (PV) programs.

Methods

Our assessment of the rural electrification efforts in Chile takes into account four dimensions of
sustainability (institutional, economic, environmental, and socio-cultural). It is based on an extensive
qualitative document analysis, complemented by semi-structured interviews to key stakeholders.

Results

We found that, despite several successful pilot off-grid PV projects, the deployment of off-grid PV
solutions for rural electrification lagged behind the enormous solar potential of the country. Part of the
problem is that decisions favoring other technologies have been made without considering costs over
the lifetime and environmental co-impacts. Moreover, the social-acceptance of off-grid PV solutions
has been seriously compromised due to problems regarding the accuracy (systems were unable to meet
the user’s needs) and reliability (systems often failed due to lack of mandatory standards and the
uncertain maintenance).

Conclusions

Although Chile has conducted remarkable efforts on electrification during the last 20 years, the
indigenous communities still have less access to electricity. This disparity is major drawback that
underscores the need for adjusting the electrification approach (which means that the communities or
the local authorities have to request electrification at first place) adopted by the Ministry of Energy in
rural electrification. Indeed, this approach favors better organized communities leaving behind others -
normally the poorest indigenous communities. Moreover, major progress on cultural justice, equity
and environmental awareness is needed for ensuring the sustainability of rural electrification efforts in
Chile.

Keywords: Off-grid PV, Rural Electrification; Sustainable Energy

1. Background

1.1. Introduction

The United Nations established the Sustainable Energy for All (SE4All) initiative in 2011 [1].
According to this initiative, Sustainable Energy not only seeks access to modern and clean energy, but

it must also embrace energy efficiency and the use of Renewable Energies (RE) [1]. Indeed,
developing countries (DC) still have the chance to provide cleaner and more efficient energy to their
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citizens that do not have access yet, thus omitting the process of technological development undergone
by the developed countries [1]. This is an important opportunity, since by 2013 1.2 billion people
worldwide were still lacking access to electricity [2]. Great differences remain concerning the access
to electrification between the urban and the rural sector. From a global perspective, while 94% of the
urban population is electrified, its number is much lower in the rural case, with a rate of only 68% [2].

Chile has reached an impressive rural electrification rate of 97.3% (whereas in 1992 it was only 53%)
[3,4]. This achievement has been mainly based on expanding the grid. Yet, despite this attainment,
there are still about 20,000 people - almost exclusively in rural areas — that do not have access to
electricity [5]. Due to unviable grid expansion to islands and remote areas of the country, the
government started looking for alternatives. In 2001, the “Removal of barriers for rural electrification
with Non Conventional Renewable Energies” program was launched to further improve the rural
electrification rate by deploying Non Conventional Renewable Energies (NCRE).

While prior efforts have pointed out that northern Chile is the place where the highest surface
irradiance is likely to occur [6,7], most of the Chilean territory has a significant solar potential [8].
However, the deployment of solar technologies in Chile has historically lagged behind that potential.
Only in recent years, the solar energy in Chile has experienced high growth rates: e.g., while in 2012
the installed PV capacity was insignificant, in December 2015 the power capacity of grid-connected
utility-scale PV plants peaked at 0.75 GWp [9]. However, despite some successful pilot programs,
little attention has been paid to off-grid PV systems in Chile as a tool for rural electrification.

In this paper, we assess the sustainability of rural electrification efforts in Chile, addressing the
following research question: Are the Chilean rural electrification efforts based on off-grid PV systems
sustainable?

In order to answer our research question, we conducted an exhaustive qualitative document analysis
for social sciences [10, p.29], complemented by semi-structured interviews with key stakeholders.
According to the approach broadly used for the assessment of sustainability (see for example [11-15]),
the interviewed stakeholders included representatives from different Ministries (Energy, Social
Development, Agriculture), non-profit-organizations (NPOs), private companies, and universities.
Although below we describe several relevant PV-based electrification efforts in Chile, our research
was aimed at gathering an overall picture of the rural electrification efforts in the country, rather than
measuring the success or failure of a specific project.

The gathered information allowed us to assess the sustainability of rural electrification efforts in Chile.
Our assessment was based on a set of indicators (see Table 1) corresponding to the four dimensions of
sustainability considered in this paper: institutional, economical, environmental, and socio-cultural;
see e.g.[16-18].

1.2 Theoretical Framework

Institutional sustainability demands for stability/durability (e.g. [19-23], technical and service
standards, as well as coherence between laws and regulations ([17, 19, 22- 24]. Failures in rural
electrification have often been attributed to the lack of coherence in the legal frame (laws, regulations,
and standards) [19,22,23], or the absence of proper standards (e.g. [25, 26]). White et al. [27] have
also shown how unexpected policy changes can have negative impacts on investments and cause
uncertainty. Furthermore, numerous studies have underscored the fact that sustainable institutions
should have the ability to adapt to future needs of the population (e.g. [19,22,28-31]).

Sustainable institutions not only need to preserve themselves over time, but they should also be open
to the society and its interests, be accountable and transparent in their decision makings, while equally
considering the other sustainability dimensions [17]. Therefore, decentralization and participation has
often been mentioned as an indicator for sustainable institutions (e.g. [16,19,24,31-34]). Wiistenhagen
et al. [35] argue that a top-down approach at central government level may inhibit the acceptance of a
technology at the local level. Despite the advantages of decentralization, Rondinelli et al. [36] have
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pointed out the fact that decentralization may be problematic if local institutions in a decentralized
administration lack the expertise, know-how, and management capacity to administrate the services.

Economic sustainability of electrification solutions requires ensuring the funding or affordability of
the systems (i.e. the initial investments and the operation and maintenance (O&M) over its lifetime)
(e.g. [20, 22, 30,33,37-40]). In the energy sector, other import indicators for economic sustainability of
electrification solutions are the cost-effectiveness (e.g. [19,22,39]) and the reliability of supply (see
e.g. [19,22,23,28,41,42]). Moreover, since energy consumption is correlated with income, efforts on
rural electrification are expected to contribute to the income of its users, (e.g. [19,39,43-45]).
However, if energy projects aim at a higher productive outcome of rural communities, electrification
programs need to be coupled with complementary infrastructure, including training and education
[45].

Ensuring the environmental sustainability for rural electrification requires civil society’s awareness on
environmental issues, as their support is needed to enforce environmental policies and regulations
[46]. Environmental sustainability also requires minimizing negative impacts of energy solutions on
the environment. These impacts may concern the amount of greenhouse gases (GHG) such as C02,
S02, or NO (see e.g. [22,30,31,39,41,42,44,47,48]); a loss of biodiversity due to deforestation
[22,39,42,48], or local impacts such as air quality caused by pollution in households, noise, or
aesthetical disturbances [22,42,44,48-50].

Socio-cultural sustainability requires considering equity/disparity criteria between different
communities. In rural electrification, decisions have to be made regarding who will have access to
energy (first), and how much energy is provided to each household [30,32,39,48,51]. Furthermore,
attention must be paid to the accuracy of a technology for the specific environmental/socio-cultural
conditions where it will be implemented [22,52], as well as to the social acceptance, which implies a
participatory and inclusive approach in which the local community is engaged to increase
accountability [35,42,53]. It is therefore vital for ensuring socio-cultural sustainability, embracing the
notion of cultural justice, which in this context refers to justice through participation and recognition
[54]. The cultural justice in rural electrification depends on the ability shown to integrate the
technology into the existing social structures [22,30,42,47]. Indeed, as argued elsewhere (e.g. [28,55]),
the socio-cultural context determines to what extend a technology is adopted.

Based on this theoretical framework we built up a set of indicators (see Tablel). These indicators

were qualitatively evaluated and allowed us to assess the sustainability of the rural electrification
efforts in Chile based on off-grid PV systems.
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Table 1: Indicators for Sustainability of off-grid PV Systems in Chile (adapted from [15])

Institutional Economic Environmental Social /Cultural
Stability (Durability)  Cost effectiveness Environmental Accessibility (disparity,
and long-term vision awareness equity)

Reliability
Regulation , Environmental Social Acceptance
Standards and impact
Enforcement

Funding (initial Accuracy

investment; operation
Decentralization and  and maintenance)
Openness to Cultural Justice
participation
Contribution to income
of users
Adaptability (ability
to meet future needs)

1.3 Chile
1.3.1 General Background on Chile

Chile is a South-American country of about 756,950km2 with a coastline of 6,435 kilometers and
borders with Argentina, Peru, and Bolivia. The geography of Chile is extremely diverse as the country
extends from latitude 17° South to 56° South and from the Pacific Ocean on the west to the Andes on
the east. Considerable climate differences can be found: from the extremely arid desert in the North
(the Atacama desert), through the semiarid central Chile with Mediterranean climate, to the cooler and
rainy Southern Chile. The extreme geography of the country is one of the reasons for the isolation of
communities in northern and southern Chile [56].

Chile’s population was about 17.6 million in 2013, of which 10.6% was rural. The latter has been
declining during the last 10 years by an annual average of approximately 1.3% [57]. In 2014, Chile’s
gross domestic product per capita amounted to US$ 21,800 [57]. The Chilean economy is highly
dependent on the mining industry, which represents 54.2% of its exports [58]. Due to its stable
economic framework, Foreign Direct Investments (FDI) have increased considerably, reaching a
record of US$11,9 billon in 2014, of which electricity, gas and water have a stake of 17.7% [58]. The
country could halve its poverty rate from 29.1% (extreme poverty of 12.6%) in 2006 to 14.4%
(extreme poverty of 4.5%) in 2013 [59]. Nevertheless, inequality is still a major issue: with a GINI
Index (see [60] for details) of 50.5, Chile is the country with the most unequal income distribution in
the Organization for Economic Cooperation and Development (OECD) [57,61]. This is especially true
for minorities [56]; e.g., extreme poverty is higher for indigenous populations (4.3%) than for non-
indigenous populations (2.7%) [62].

Chile is a democratic presidential republic that accounts for 15 “regions” or territories, 54 provinces,
and 346 boroughs (municipalities). The regional governments (GOREs by its Spanish acronym) are
constituted by a regional ministerial representative (appointed by the President of the Republic) and a
regional council (CORE by its Spanish acronym) whose members are elected by the citizens. The
main function of the GORE is to advocate for the territorial development. The GORE initiatives are
funded by the National Development Fund (FNDR by its Spanish acronym) [63] that depends on
annual national budget. The GORE of each region can distribute its funds according to the needs in
different sectors including electrification, education, health, drinking water, routes, and others [5].
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Each province is headed by a governor (also appointed by the President of the Republic), whose main
role consists of assuring internal security [64]. The boroughs or groups of several boroughs rely on
municipalities governed by a mayor elected by the citizens, whose functions include planning and
regulations, development of infrastructure and services, as well as environmental protection [63].

Regarding this research, there are two additional relevant institutions in the country. First, the
Subsecretary of Regional Development and Administration (SUBDERE by its Spanish acronym) that
is in charge of the coordination and promotion of the regional development by means of the regional
and municipal governance; it strengthens technical and institutional capacities of these administrations
and administrates funds [65]. Second, the Regional Secretaries of the Ministries (SEREMIs by its
Spanish acronym) that though operating in the regions, are controlled by Ministries of the central
governmental [63].

Despite prior attempts of decentralization (e.g. in 2000, 2004, 2008, and 2011), the central government
remains highly concentrated [66,67]. [63], This is due to two factors: the lack of financial autonomy
(regional/local governments financially depend on the central administration), and the lack of
administrative autonomy (due to a rigid organization) [63].

1.3.2 Electrification in Chile

Chile’s electricity sector was publically held until the National Energy Commission (CNE by its
Spanish acronyms; founded in 1978) enacted the Electricity Act in 1982, which drove privatization
and allowed for competition in generation and distribution [68,69]. The Electricity Act was reformed
in 2004 and 2005 by Laws 19.940 and 20.018 (“Ley Corta” I and II) that aimed to foster further
competition. The electricity distribution companies (EDCs) operating in Chile (currently 33) are hence
privately held. The EDCs are obliged by law to provide the service in the area where they own a
concession even if it results in a loss for them.

In 2010, a new law (No. 20.402) created the Ministry of Energy, which took over part of the tasks
from the CNE, and is in charge of the energy policy and planning. The role of the CNE changed
thereinafter, making it responsible for setting prices, tariffs and technical norms [70]. Moreover, the
Electricity and Fuel Authority (SEC by its Spanish acronym), is responsible in Chile for monitoring
the compliance with laws, regulations and technical standards for a proper operation of the energy
sector (including pricing, energy quality, and security) [71]. The Center for Renewable Energies (CER
by its Spanish acronym) is another important institution of the energy sector; it was renamed in 2014
to Center for Sustainable Energy Innovation and Promotion (CIFES by its Spanish acronym). The
CIFES aims to promote the design, implementation, and evaluation of strategic sustainable energy
projects [9].

Regarding electricity generation, about 30% of the installed capacity in 2015 was hydropower; 18%
diesel; 20.5% carbon, and 13% NCRE, including 4.26% stemming from solar energy [72]. In 2008,
Chile adopted a renewable energy target that, although subsequently modified, nowadays states that by
2025 electricity companies that inject energy into the two major electricity systems, the Northern
Interconnected System (SING by its Spanish acronym) and the Central Interconnected System (SIC
by its Spanish acronym), must ensure that 20% of the annual energy consumption is met by non-
conventional renewable generators [75].

In recent years, RE in Chile has experienced high growth rates: e.g., while in 2012 only 2 MWp of PV
had been installed, in December 2015 the installed power capacity of NCRE had increased to 2.6 GWp
(thereof solar PV: 0.75 GWp), and another 2.7 GWp is currently under construction [9]. This boom
has been driven by the high energy prices in Chile combined with ideal conditions for the generation
of solar energy, which motivated mainly foreign companies to invest in utility-scale power plants,
especially in northern Chile. In the case of the small-scale NCRE plants (up to 100 kWp), further
progress is expected due to the new Law No. 20.571 “Net Metering” that allows feeding-in electric
energy surpluses into the grid for a reward [76].
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1.3.3 Rural Electrification in Chile

In 1992, the urban Chilean electrification rate reached 97%, although in rural areas only 53% of the
population had access to electricity [69]. Attending this deficit, in 1994 the CNE launched the
National Program for Rural Electrification (PER by its Spanish acronym), which was funded by the
FNDR. PER allowed gradually increasing the rural electrification rate to 75% in 1999 and 97.3% in
2013 [3,4]. Yet, this remarkable achievement was mainly based on grid expansions. In 2001 the
central government looked for an alternative for electrification in the case of highly dispersed
inhabitants of remote areas. That year, the “Removal of barriers for rural electrification with NCRE”
program was launched to further improve the rural electrification rate.

In 2009 the CNE created a program called The National Program on Rural and Social Energy (PERYS
by its Spanish acronym). The PERYS program focuses on 1) the electrification of rural schools and
small health centers; 2) the incorporation of solar thermal systems in public buildings; and 3) the
implementation of NCRE systems for small-scale productive uses. The PERYS program depends on
the Ministry of Energy, and its Department of Energy Access and Equity (DAEE by its Spanish
acronym). This Department is embedded with the SEREMIs and it took over the Rural Electrification
Area from the CNE. The DAEE also developed the rural electrification strategy for the upcoming
years (2015-2018), which is supposed to favor NCRE solutions [5].

Rather than a top down approach, the DAEE favors a bottom-up approach, which means that the
communities have to request electrification at first place. The request is normally directed to the mayor
of the municipality on which the community depends. Whether or not a municipality conducts a
project on its own account depends on the project size (i.e., the budget): Projects with a budget of up
to 70 million Chilean pesos (approx. US$ 120,000) can be directly executed by the municipality
without further formal requirements. However, projects that exceed this amount need a formal request
to the GORE to apply for funds from the FNDR. This formal process comprises a feasibility study of
the project to select the appropriate technological and administrative design for the particular
circumstances in a community; it concerns the price and capacity of the energy supply, the quality of
the service, and the O&M model. Additionally, the study requires approval from the DAEE (at the
respective SEREMI).

The projects selected by the GORE are carried out by private company selected by a call for bid.
Whether or not the tender cover only the initial installation or also the O&M of the systems depends
on the project’s selected O&M model. The latter is project-specific, the systems can either be operated
by the community via cooperative, or by a private company against a compensation fee [77].

In the case of off-grid systems, there are no regulations on the power capacity of the projects (i.e.,
neither a minimum nor a maximal power capacity per household). The O&M costs of the off-grid PV
systems are not regulated either and therefore they are determined based on project-specific
agreements between the municipality and the partner in charge of the O&M (either a private company
or a cooperative). However, the funds are expected to cover all O&M costs [78,79].

The projects selected by the GORE (funded by the FNDR) are centrally registered in an Integrated
Project Database (BIP by its Spanish acronym), which is administrated by the Ministry of
Development. The BIP not only assures traceability of all projects (thus avoiding duplications), but it
also allows the GORE to prioritize and select the projects that will receive funds from the FNDR.

Although the tariff for off-grid is not regulated, in the case of off-grid PV projects, the tariff from the
closest community connected to the grid is normally adopted. Hence, the monthly tariff is set per unit
price of energy from the neighboring community and multiplied by the energy that will approximately
be generated by the installed PV system [80]. Since this tariff can hardly cover the O&M costs,
subsidies can be requested to the GORE (although they must be evaluated and approved each year by
the respective SUBDERE).
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Table 2 provides an overview of the rural electrification programs in Chile (including those aimed at

productive uses) that have been considered in this paper.

In addition to the PER and the PERyS

programs, we also considered a micro-grid project (implemented in Huataconbo by a Chilean
University and a NPO) and two successful off-grid PV initiatives, the so-called “Coquimbo Project”,
and a program of PV-powered water pumps. Due to their importance, the two latter projects are
described in detail below.

Table 2: Rural electrification projects considered in this paper.

The National

National Program for Program on Rural . q PV-powered
Rural Electrification and Social Ener; Huataconbo micro- Coquimbo Water Pum,
. 8y rid project Project (PV only) ater Fumps
(PER) (PV projects only) (PERYyS) grid proj 1 Y. program
(PV projects only)
Reports for ex- Covarrubias et al [82]; IEA [88]; Ministerio Jiménez-Estévez et Rodriguez [81] ; GreenLab [93]
post evaluations Navarro et al. [83]; de Energia [89] al. [90]; Nufiez et al.  Estay [92]
Deuman,[84]; DIPRES [80]; [91]
Comunidades Energéticas
[85] ; Ministero de
Desarrollo Social [86];
Gobierno Regional de
Aysén [87]
Program CNE/Ministry of Energy Ministry of Energy University of CNE/Ministry of Agency for
sponsored by (GOREs) Chile/NPO Energy, GEF, UN  Agrarian
Development
(INDAP)
Location Curepto/ Pencahue (Maule Nationwide Huataconbo (Region  Coquimbo Nationwide
region); Cochrane (Aysén of Tarapaca;
Region; Regions of northern Chile)
Tarapaca, Coquimbo, and
Maule)
Energy use Residential rural Electrification of Residential rural Residential rural Productive use
electrification; schools/health electrification and electrification
electrification of centers/social Productive use
schools/health centers/social ~ buildings/public
buildings lightning
Capacity/ Between 50 and 600 Wp per  Between 380Wp and 4~ 22.68kW PV plant+ 125 Wp per Three different
dwelling kWh per project 120 [kVA] diesel dwelling kits available:
. . group for a 230/ 690 /1380
Sizing .
community Wp per farmer
Year of Since 1997 Since 2009 2009 2001-2012 2012-2013
installations
Number of Solar Home Systems (SHS): 83 About 100 people 3,064 SHS (new); 1876
installations/hous 12,565; Schools: 87; Health

eholds electrified

Centers: 14; Productive Use:
6

1,500
(improvements);

55 schools and
health centers

Sources: Own elaboration based on information from [81,86,89,94,95]

The “Coquimbo Project” (Northern Chile)

From 2001 to 2012 the CNE (and later the DAEE) led the program “Removal of barriers for rural
electrification with NCRE”. The program was partially funded by the Global Environmental Facility
(GEF) and supported by the United Nations Developing Program (UNDP). The program aimed to
remove institutional, financial, regulative, technological, and knowledge barriers that inhibited the
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adoption of NCRE in rural areas of the country. The total project costs amounted to about US$ 32
million, of which the Chilean government contributed around US$ 26 million, and the GEF
contributed the remaining US$ 6 million [92].

Seven of the nine action lines of this program were related to PV. Action line 1 included the
comprehensive information gathering across the country, which entailed land registries and a survey of
12,400 households in rural areas concerning their needs, current energy sources used, as well as the
available infrastructure. Based on this information, 33 NCRE projects (mainly PV) were implemented
[81,92].

As a part of the program, the CNE/UNDP team also elaborated 15 technical regulations for PV (44 in
total) based on international norms (IEC/ISO) and a certification process for PV systems (action lines
2 and 3). The Chilean norms (e.g. NCh2903 for PV systems and NCh2978 for batteries; see [96]) were
developed by personnel from CNE, the National Institute of Normalization (INN, by its Spanish
acronym), Universities, private consultants, and others, and thereinafter adopted by the INN. Though
these norms are voluntary, supervision as well as the certification is responsibility of the SEC [92].

The promotional campaign (action line 4) of the program aimed to increase the demand for NCRE.
The budget for this line amounted to about US$ 500,000, which was financed by the GEF and the
Chilean Government. A training program was also developed (action line 5) with a budget of U.S. §
536,875 (mainly funded by the GEF). The program was aimed at central and regional politicians,
regulatory agencies, engineers, technicians, and users. Up to 2009, workshops and seminars had been
given to about 3,500 people, and further efforts for improving capacities were made in government
bodies, education centers, and universities, aiming to foster the access to knowledge on NCRE in these
organizations [92].

Action line 6 implied the installation of 3,064 PV systems for rural households in 15 municipalities in
the Coquimbo region. The systems were funded by the FNDR (US$ 5 million). The National
Electrical Force Company (CONAFE, by its Spanish acronyms), a private EDC that operates in the
regions of Coquimbo and Valparaiso (serving almost 500,000 clients) installed the PV systems from
2005 to 2006, and has furthermore been in charge of the O&M of the systems for a period of 10 years
(with an option for renewal) [92]. The action line 7 aimed to promote productive uses (e.g. for
farming) based on NCRE. This action line was funded (US$ 25 millions) by the Chilean government
and until 2010, led to several demonstration-scale PV-powered water pump projects for irrigation [92].

The success of the program ultimately sought to pave the way for the implementation of further
projects based on NCRE in remote areas across the country.

PV-powered water pumps

The CNE/UNEP program also favored projects for productive uses implementing five demonstration
systems for PV-powered water pumps. These pilots helped to raise the interest of the PV technology in
the Ministry of Agriculture. Indeed, some of the (10) sub-divisions and agencies of the Ministry of
Agriculture have successfully adopted and transferred these systems to farmers after the end of the
CNE/UNEP program in 2010.

The Chilean Agency for Agrarian Development (INDAP by its Spanish acronym) was the agency that
promoted to replace with PV-powered water pumps, existing systems powered by diesel generators.
The systems consist of a PV panel, a pump, and a controller, and they were designed with no critical
parts like batteries or inverters (pumps are directly connected to the PV modules). These decisions
were meant to ensure high durability and low maintenance. The Agency participated in the design of
the systems, and set particular value on quality standards. Currently, three different kits (230 Wp, 690
Wp, and 1380 Wp) are available, which provide solutions according to the flux and vertical height
needed at each farm to pump up the water.
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The pumps are acquired by INDAP in relatively great numbers by issuing a call for bids, which
facilitates economy of scale. The company that won the bid is in charge of the deployment in rural
areas across the country. Between 2012 and 2013, about 1,400 PV pumps were installed with a total
cost of 3,767,723,586 Chilean Pesos (about US$ 7.5 million) and an installed capacity of 743
kilowatts (kW). INDAP subsidizes 90% of the investment sum and provides credits to the farmers for
the remaining 10%; amortization is reached within about four years (depending on the type of kit and
on the energy fuel used before) [97].

INDAP is a decentralized agency (depending on the Ministry of Agriculture) whose personnel are in
close and permanent contact with the farmers and with the GOREs. Therefore, they use to assist
farmers to solve simple technical problems at no cost including those related to PV-powered pumps.
Only major technical issues are diverted to the pump vender whose contract includes a system
checking in the second year of operation [95] and an extended guarantee (three years for the pump and
five years for the PV systems; [95]. Indeed, the maintenance of current systems is based on the
extended guarantee that includes covering the cost of replacing spare parts.

Although according to an INDAP representative the vast majority of the systems are operative, one
challenge may lie in the maintenance once the systems run out of their guarantee as the farmers would
have to pay themselves for repairing services and spare parts (so far no concept has been presented for
this case).

2. Methods

In order to assess the sustainability of off-grid PV projects in Chilean rural areas, a qualitative
document analysis for social sciences was applied (e.g. [10, p.29]). The off-grid PV solutions
reviewed in this study included Solar Home Systems (SHS) for residential use, PV-powered water
pumps for productive uses, off-grid PV systems for communitarian facilities (health centers and
schools), and a micro-grid aimed at both residential and productive uses. These PV-based solutions
were compared with previously deployed conventional energy solutions (such as candles/matches,
batteries, and diesel generators).

Multiple data sources were assessed for the analysis including regulations, energy policies, ex-post
evaluation reports on electrification programs and projects, as well as the National Energy Agenda
(prior and current versions), statistics from the National Energy Commission, the Center for
Sustainable Energy Innovation and Promotion and the National Statistics Institute, and scientific
papers on related topics. We collected information on the different initiatives, on their evolution, and
on their stakeholders. The document analysis also allowed us to identify and select a set of key
stakeholders that were interviewed.

Indeed, in addition to the document analysis, we conducted semi-structured interviews with key
stakeholders. According to the approach broadly used for the assessment of sustainability (see, for
example, [11-15]), the interviewed stakeholders included experts from different Ministries (Energy,
Social Development, Agriculture), NPO activists and project managers, companies’ representatives,
solar energy lobbyists, and researchers. The method of theoretical sampling was used, i.e., additional
interview partners were selected based on the information obtained from the interviewees who we had
initially identified [10, p.80]. Interviews were finished after saturation (when no additional
information could be obtained from further interviews; [98, p. 168]. The interviewed stakeholders (see
Table 3 for details) were used to validate the qualitative document analysis and allowed us to fill
information gaps.

Interview questions were clustered into four dimensions (institutional, economic, environmental, and
socio-cultural) considered in this paper and addressed each of the indicators from Table 1. Questions
on the institutional dimension comprised e.g.: “What has been the role of this institution for rural
electrification in the past and the present?”’; “How is the rural electrification process put into
practice?”; “How are the community members imbedded in the rural electrification projects?”; “Who
and how is the compliance with the regulation assured?” The economic dimension was addressed by

60



questions like: “Who is paying for the initial investment/ O&M costs?”; “What has the economic
impact been on the user (e.g., energy for productive uses)?”; “What are the technical minimum
requirements for the systems?” The interview covered questions on the environmental dimension such
as “How is battery disposal handled in rural electrification?”’; “How would you describe the awareness
on environmental issues on a political and social basis?”. Finally, we asked about socio-cultural issues:
“To what extend (and how) are projects adjusted to local circumstances?”’; “Have you found different
behaviors related to the ethnical background?”; “Do you provide different technological solutions to
different communities? If so, what are the criteria these decisions are based on?”’; “Do you remember
any cases where PV systems were rejected by a community?”. As the interviews were semi-structured,
in addition to these questions previously defined, we dived much deeper into specific topics by
addressing additional topics depending on the background and expertise of the interviewees.

The interviews lasted from 41 to 92 minutes, and all of them were recorded. Interviews were mostly
held in Spanish with the exception of two interviews held in German. The interviewees were of higher
hierarchical positions (directors, project managers, leading researchers, and division leaders), as we
were interested in the institutional and organizational strategy and the stakeholders’ experiences over
time.

The assessment of the information gathered by the document analysis and the semi-structured
interviews was based on coding. We used the MAXQDA11® software [99], which allowed us to
analyze the information and cluster it according to the to the four dimensions of sustainability
considered in this paper.

Table 3: Interview Partners.

Area Sub-Area Division (if applicable)

Division of Renewable Energy

Ministry of Energy

Government Institutions Energy Division of Energy Access and Equity

Sector . . .
Center for Sustainable Energy Innovation and Promotion
(CIFES)
Government Institutions Non- . . Division of Project Revision and
Ministry of Social Development
Energy Sector Approval
FIA
Ministry of Agriculture
INDAP

Sociologist

Universities Politician
Academics & Research Institutes
RE Project Manager
Solar Energy Research Center Project Manager
Solar Energy Association Lobbyist
NPOs
Chilean Non Profit Organization RE Project Management

German-Chilean Chamber of Commerce

Foreign Institutions
German Society for International Cooperation RE Department

Energy Companies Solar Energy Companies (2) Project Managers

3. Results and Discussion

3.1 Institutional Sustainability

Stability

The stability (durability) of formal institutions requires a long-term vision. Although institutional
stability appears to be less problematic than in its South American neighbors, in Chile as in many DC,
short-term thinking is prevalent. This problem does not apply to public employees and formal

institutions only, but was considered by several interviewees as typical for the Chilean society (i.e.
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informal institutions). E.g., talking about self-consumption PV systems, a manager from a German PV
company stated:

“here in Chile, I have to say, the time horizon is extremely short. In Chile, PV systems will
never have the success that they are having for instance in Germany (...), because people
are willing to accept three, four years of amortization only (...). Anything above that is
completely out!”

A sociologist from a Chilean university argued that short-term thinking could be a consequence of
frequent political and economic crises on the continent, which inhibits people to make long-term plans
or investments. He argued that Chile’s economy has been stable with high growth rates during the last
25 years, but that people’s approach of pure survival has nowadays transformed into access to
consumption on credit combined with a ‘here and now’ philosophy.

Numerous interviewees also highlighted the widespread neoliberal vision embedded in the state and
ultimately in the Chilean society. For example, in our interviews with representatives of the
government, they repetitively underlined the importance of technology neutrality, since in their view
any form of facilitation or promotion of RE may lead to a market distortion. This neoliberal vision
constrains not only the planning role of formal institutions, but also restricts the development and
enforcement of regulations and standards.

Regulations and Standards

The regulatory framework of the electricity sector in Chile has been considered weak and accounts for
a very limited role of the government [100]. In the case of PV systems, the regulatory framework
(certification standards and technical regulations) was developed through the GEF/UNDP program
“Removal of Barriers for Rural Electrification with RE” (see above). However, this regulatory
framework is not mandatory in the case of small-scale off-grid projects.

Indeed, we found that local implementations seem particularly vulnerable when the SEREMI of the
Ministry of Energy is not involved in the projects, and their technical approval is not required. This
may be the case when the investment cost of the rural project does not exceed 70 million Chilean
Pesos (approx. US$ 120,000). For example, the representative of a private firm that recently won
three local public bids for off-grid PV systems stated “(...) there are relatively many municipalities
with little idea about what they need, but they know that there are funds or state subsidies for certain
PV projects”. This may become a great issue, since

“there are insufficient minimum standards in the bids, so that you often lead an unwinnable
battle, well, that you have a futile situation if you own a good product and of course you
want to offer it, but at the same time you have competitors that evidently offer low quality
products. Yet, if the person that ultimately takes the decision lacks technical know-how or
the background or experience with the products, it will be hard for him to decide.”

Adaptability

The regulatory framework of projects with a budget greater than 70 million Chilean Pesos (approx.
US$ 120,000) is notoriously more robust; these projects have formal requirements that even include
defining an O&M model. However, O&M ultimately depends on either the commitment/organization
of the community (operating the systems via cooperative), or the availability of a private company
(operating the systems against a compensation fee). Still, finding a private company interested in the
operation of small-scale electrification projects is a challenge in remote areas of the country. Local
governments can hardly assume these tasks either. According to a representative of the Ministry of
Social Development:

“(...) since local governments, since they have many functions, they don’t have the technical
capacity to operate and maintain (...), at a national scale, this can be solved, but at the scale
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of small communities, it’s not that easy (...). We clash with the issue of not having an agency
to operate and maintain [small-scale electrification projects].”

The lack of an agency with the responsibility of overseeing off-grid PV systems seems to be a major
drawback, which compromises the ability of Chilean institutions to meet O&M needs and in turn to
ensure the sustainability of off-grid PV systems. This weakness in the Chilean institutions is well
known in local academic circles. For example, according to a researcher from a Chilean university:
“here in Chile there should be a central agency - I even named it “Monitoring Microgrid Unit”. This
office should indeed focus on doing this kind of management.* Yet, the Ministry of Energy has not
considered such an agency in the case of the off-grid PV systems.

The successful program for PV-powered water pumps aimed at supporting small and isolated farms
(see above) may be an example of the benefits of having a public decentralized agency overseeing off-
grid PV systems. Indeed, as described above, INDAP not only sponsored the deployment of the
systems, but also offers support on their O&M, solving small technical problems that the poor farmers
could hardly overcome by their own.

Decentralization and Openness to Participation

In the case of off-grid systems, the participation of the community has helped to successfully
implement some early projects. For example, in the “Coquimbo Project” (see above), according to a
representative of the Ministry of Energy, people were involved in the project from the beginning.
Indeed, the Ministry of Energy believes that a close collaboration between the community and the
project implementer is indispensable for these projects to be sustainable over time. As declared by a
DAEE representative “the most striking success factor for the PV systems is an empowered community
who wants the project, accepts it, and understands it.”

Unfortunately, a participative approach has not been applied in all off-grid projects. For example, in
2010, several off-grid PV projects were implemented in rural areas in southern Chile; in particular in
the Aysén region, one of the 15 Chilean “regions” or territories. When in 2012 an ex-post evaluation
was conducted on these projects, it showed that though the off-grid PV systems were appropriately
deployed, harming system interventions from users occurred in 18% of the cases because of a lack of
user training (only 44% of the beneficiaries of a PV system received written instructions for use, and
47% received some kind of briefing) [84]. A lack of user training and technical know-how was
similarly observed in a small town called Curepto in the Maule region (about 300 km south from
Santiago) [82].

3.2 Economic Sustainability
Cost Effectiveness

In order to be sustainable, a solution for electrification must be cost-effective. Rural electrification
costs depend on various factors including population density, local energy resources, the distance from
the closest grid, and the level and quality of the energy access [101]. Off-grid PV systems are indeed a
cost-effective solution at Chilean locations where the grid expansion is not viable due to geographical
conditions, or at locations with a high degree of dispersion of the local population [92]. However,
according to Chilean officials, fossil fuel solutions such as those based on diesel generators are often
deployed at these remote locations.

The problem is that in the past, the chosen technology had often been selected based on the initial
costs only (PV systems have high initial costs compared to diesel), without considering for example
environmental impacts or O&M costs. Regarding small off-grid systems based on diesel generators
deployed in small islands in southern Chile, a project manager explained:

“(...) all these projects that have been implemented they are all diesel, which is ultimately more
expensive. So, you are travelling two hours to an island where there are 100 families and you have to
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bring diesel.”

Due to the low O&M cost of PV-based solutions, the total costs of a diesel generator normally exceed
those of a RE system over its lifetime. For instance, in the Aysén region, different technologies were
compared in order to electrify 49 families with an energy consumption of around 15kwh per month
[87]. Although the initial investment of a 1200Wp PV system (including logistics, batteries, inverters,
user training, etc.) was quite high (236,499,000 Chilean pesos per system; i.e. about US$ 380,000)
as compared to a diesel generator (61,025,000 Chilean pesos; i.e. about US$ 98,000), the present value
of capital costs was actually lower (at a 6% discount rate for a 20 years term) for the off-grid PV
systems with a value of 473,594,000 Chilean pesos (about US$ 764.000), than for a diesel generator
with 783,498,000 Chilean pesos (about US$ 1,263,000) [87].

In recent years, it appears that Chilean officials have recognized that off-grid PV systems are a cost-
effective solution at remote locations [102]. Indeed, previously deployed diesel generators have
recently been substituted by off-grid RE systems in many projects [81]. Moreover, the new Energy
Agenda issued by the Ministry of Energy in 2014 [103] vows to further substitute diesel generators by
RE systems and, even more importantly, to consider all costs over the lifetime in the evaluation of
rural electrification projects.

Reliability

The ex Ex-post evaluations of rural electrification projects shown in Table 2 have revealed significant
differences in their operational reliability. Whereas in the evaluation reports for the Coquimbo project
and some communities from the Maule region all systems from the analyzed projects were found
operational [81,84], Covarrubias et al. [82] and Navarro et al. [83] reported deficiencies and a poor
performance of the systems in the inspected projects (Maule, Aysén, Tarapacd, Coquimbo region). In
fact, even where systems were found operational, Deuman [84] warned that the reliability of the
systems was jeopardized, as O&M ultimately relied on voluntary efforts from the users.

Indeed, the reliability of the off-grid PV systems strongly depends on ensuring O&M. This explains
the high reliability of the micro-grid project in Huataconbo (only one failure between 2010 and 2014),
where a very well organized and trained community facilitated and ensured O&M [90]

Another factor that jeopardizes the reliability of the systems is that although Chile has a legal system
significantly more developed than its South American neighbors, enforcement of contracts with
private companies in charge of the operation of small electrification programs has often been
problematic. For instance, in Curepto (located in the Maule region) the contract between the company
that installed the systems (42 households were electrified with off-grid PV systems) and the local
municipality stipulated that the company was in charge of O&M (including the battery replacement);
yet, the company never complied with its duties, such that the system reliability was extremely poor
[82]. Moreover, Navarro et al. [83] found that despite the fact that the contracts between the CNE and
the EDCs have a clause that requires the EDC to register all off-grid system defects, the projects had
not been followed up upon, which substantiates the lack of enforcement.

In cases where a private company is not available to operate the systems, the technical know-how and
skills have to be locally available or transferred to the community in advance. Otherwise, the
reliability of the system can be seriously comprised. For example, in the “Aysén” region (in southern
Chile), the ex-post evaluation of the projects (90 off-grid PV systems) that were supposed to be
operated by the community via cooperative, showed that: the systems were not administered by
anyone [84]; spare parts (i.e. bulbs) were not available, such that the users replaced them by poor
quality products; and that funding for O&M was not available [84]. Although the CNE requested to
the local municipalities to take care of the operation of the systems, this did not occur [104]; the
mayors of the municipalities explained that despite their willingness, they neither had the funds, nor
the technicians to do so [84].

Initial Investment
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In the Chilean residential sector, according to a representative of a Solar Energy Association,
investments in self-consumption PV systems (that are connected to the grid) have an estimated
payback period of 10-12 years. However, the required investment may still not be affordable for most
Chilean households. A researcher from a Solar Energy Research Center pointed out that: “...this case
[self-consumption PV system/ is not for Juanita [name that stands for a mid-income citizen], this is
for the Miss who is living in the upper class neighborhood . The unaffordability of self-consumption
PV systems is aggravated, by the lack of funding instruments (such as leasing) for private consumers
in Chile.

In contrast, the affordability of the initial investment of off-grid PV systems for rural users is not an
issue if the project is selected and given preference by the GORE, since it is fully covered by the
FNDR or by the sponsoring public agency [3]. In the case of the PV-powered water-pumps sponsored
by INDAP, the agency subsidizes 90% of the initial investment, while the beneficiary pays the
remaining 10% as a long-term loan.

O&M costs

In the case of off-grid projects funded by the FNDR/GORE, the O&M costs are included in the
contracts between the municipalities (that normally sponsor the projects) and the private companies in
charge of the O&M [78,79]. Although the users pay for energy consumption, the tariff is hardly
enough to cover the O&M of the systems. Since the tariff for off-grid PV systems is unregulated,
normally the tariff per kWh from the closest community with a grid connection is adopted [78].

For instance, within the “Coquimbo” project (northern Chile), the monthly charge for the running
costs of a 225 Wp PV system is 12,326 Chilean Pesos (about USD 20), of which the user pays 3,000
Chilean Pesos (around US$ 5); the regional government pays for the difference of 9,326 Chilean Pesos
(about US$ 15) per user [81]. Although since 2009 the subsidies needed to cover these differences can
also be requested to the respective GORE (see Resolution No. 137), they must be evaluated and
approved each year by the respective SUBDERE. The need of annual approval causes uncertainty,
since the subsidy is not guaranteed for the entire lifetime of the project. According to a representative
of the Ministry of Social Development, O&M costs are not considered as relevant as the initial
investment in the case of off-grid projects:

“In Chile, the public sector (...) is very concerned about taking care of the investment
processes, investment in capital. But this process, which is O&M, isn’t so, so important. (...)
So, good evaluation and investment analysis are made, but after that, there isn’t much
interest for this to have a permanent expenditure.”

A researcher from the Solar Energy Research Center confirmed that the budget allocation focused
mainly on the initial investment is also common in the case of projects funded by donations from the
private sector:

“(...) they [private companies and the government] can give great support to the initial
investment. They will fund the system. But those who support the development are not very
interested afterwards to be in charge of the maintenance and all that, because it is a
headache, and they say ‘I don’t want to continue with all these things. I support you with the
construction, but I don’t want to get involved in this infinite thing’.”

Although the low O&M cost of PV technologies should favor the deployment of PV solutions,
decisions have often been made only considering the cost of the initial investment (which tends to
favor fossil fuels technologies such as those based on diesel generators). As further discussed in
section 3.1, this behavior may be related to the short-term thinking prevalent in the Chilean society
and the governmental agencies).
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Contributions to income of users

The program of PV-powered water pumps promoted by INDAP showed that in Chile off-grid PV
project for productive uses can succeed. Indeed, an ex-post study conducted by GreenLab (2012)
estimates that the substitution of the diesel pumps by off-grid PV water pumps generates a net benefit
of between 57 and 68 million Chilean pesos (US$ 92,000 to US$ 110,000) per project. As explained
by a representative of the Foundation for Agrarian Innovation (FIA by its Spanish acronym):

“In the case of the farmers, who are business people after all, because agriculture is a
business. If you present to them, ‘look, pumping with grid electricity will cost you this, and
pumping with a PV panel will cost you that’, they will take it.”

According to an INDAP representative, considering the short payback period (of about four years),
farmers with higher spending capacities than those who received PV-powered water pumps from
INDAP, bought the PV pumps on their own account. Contrary to the residential electrification project,
farmers made this investment decision as they could decide on the technology, thus taking the entire
costs (initial investment plus O&M) in their technology choice into consideration.

Beyond the water pump program, several other RE projects for productive uses have been
implemented in Chile. For instance, the FIA funded demonstration systems of PV-powered
purification and desalinization of water; PV-powered greenhouses; PV-powered irrigation; and a joint
program with Information and Communication Technology (TIC by its Spanish acronym) using PV-
powered antennas that allowed Internet connections in rural areas. However, all of these solutions are
only pilot projects so far.

3.3 Environmental Sustainability
Environmental Awareness

In 2010, the creation of the Chilean Ministry of Environment and the Service for Environmental
Evaluation (SEA, by its Spanish acronyms) showed the country’s increased environmental awareness.
Environmental policies like the carbon tax of US$5 per ton of Carbon dioxide (C02) (starting from
2018) have thereinafter been approved (law 20.780). Moreover, in its Intended Nationally Determined
Contribution (INDC) declaration for the COP21 in Paris, Chile committed to reduce its CO2 per GDP
unit by 30% by 2030 compared to 2007. However, this reduction may be insufficient, as due to the
expected GDP growth, GHG emissions would be 222% above 1990 and 75% above 2010 levels
(calculations were based on the medium case GDP projections of the Chilean government) [105]. The
Ministry of Environment had presented two more ambitious proposals (Option A: 40-45% and Option
B: 35-40% reduction of GHG by 2030; [106]) but they were ultimately not considered by the central
administration. Indeed, several interviewees pointed to the limited role of this Ministry of
Environment in the national policy, which is also reflected in the small budget allocated to this
Ministry (about 0.13% of total national budget in 2014 [107]).

The Ministry of Energy in turn has so far maintained its (previously mentioned) policy of
technological neutrality in the energy sector, which is also reflected in the energy matrix: In the case
of the SING systems carbon and gas currently account for 48.9% and 36.5% of the total electricity
generation respectively, whereas fuel oil and diesel contribute about 4% each [108]. In case of the SIC
system, hydro energy makes up almost 40% of the energy share, followed by diesel (21.2%), Natural
Gas (11.5%), Carbon (10.4%), and carbon petroleum coke (3.6%) [108].

Several interviewees confirmed a higher awareness on environmental issues, especially of the younger
population. This has recently led to social movements, which successfully stopped several energy
generation projects (e.g. HidroAysén, Alto Maipo, Castilla, Punta Acalde) [109-112]. However,
according to a social scientist, these movements seem to be mainly motivated by concerns about
potential negative effects on the local communities (for example, direct pollution), and often they also
tend to embrace a form of “technology neutrality”. This means that communities can reject any form
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of the energy generation regardless of the type of technology (fossil fuel or renewable), if they are
directly affected. A representative of the German-Chilean Chamber of Commerce explained that:
“(...) if somewhere far away, 500 km towards the sea there is a coal-fired power plant, they don’t
care. But if there is a little power plant in their backyard, although renewable, then they might now
get bothered.” From the Chilean perspective, concerns on global problems such as climate change
seem to be distant.

Environmental Impacts

In the case of off-grid rural electrification projects funded by the FNDR/GORE, the selection criteria
for a technology are exclusively based on direct costs, such that environmental impacts due to direct
pollution or GHG emissions are not considered in the project evaluation process. Furthermore,
although rural off-grid PV systems have a much lower environmental impact than e.g. diesel
generators, the battery disposal may become a major issue in rural communities. However, we were
unable to find any functionary involved in off-grid PV projects funded either by the FNDR/GORE or
by municipalities, aware of the battery disposal norms established during the CNE/UNDP program.

3.4 Socio-Cultural Sustainability
Accessibility (Disparity/Equity)

In Chile, major efforts on electrification during the last 20 years have led to a remarkable
electrification rate (about 99% of urban and 97.3% of rural households are electrified [3]). These
sustained efforts have shown the broad political consensus on the necessity of providing electricity to
all. However, figures show significant differences in the electrification rate between different groups.
For example, 1.62% of the extreme poor have no access to electricity, as opposed to 0.35 of the non-
poor [63]. Moreover, as shown in Figure 1, there is also a discrimination against indigenous people.
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Figure 1: Percentage of people in 2011 without access to electricity according to their ethnical
background. Source: Own elaboration based on data from [62].

Moreover, for those who do have access, there is a high divergence of electricity prices between
regions. This is due to the fact that in Chile electricity tariffs for regulated consumers (including
residential users) reflect the real costs of energy generation, transmission, and distribution. Differences
in tariffs may diverge by a factor of 2.3 between one community and another [113]. As a consequence,
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whereas the poorest quintile (often from rural areas where distribution costs are higher and electricity
is therefore more expensive) spent about 8.25% of their income on electricity (though consuming
much less), the portion of the richest quintile accounted for 3.47% only [114]. Recently (June 2016),
the National Congress approved a law on “tariff equity”, a sort of cross-subsidy mechanism that will
be funded by customers with a monthly consumption above 200 kWh; the law stipulates that
residential electricity tariffs may not diverge by more than 10% between regions [115].

In addition to differences in tariffs, the amount of energy supplied by the off-grid systems may also
differ between projects and regions. No protocols have been defined regarding the capacity or the
amount of energy supplied by the off-grid systems. Part of the problem is that there is no updated
information on the energy consumption per household in rural areas. This has led to complains of
some users, as a low energy supply was provided to some communities, while a somewhat higher
supply was provided to others (e.g. sufficient capacity for a fridge). For instance, in Aysén (southern
Chile), a community insisted in a higher PV system capacity than initially planned. According to a
representative of the Ministry of Energy, these complains led to a discussion on Disparity/Equity: “we
[the Ministry of Energy] had a conflict, we said, gosh, how are we going to fund [electricity for] a
fridge if we didn’t do it before [in other projects]?”

As opposed to the grid, off-grid PV systems cannot provide more energy in response to a changing
demand, as they are limited to the initially installed capacity. A DAEE representative acknowledged
that although households count as electrified in the statistics, basic needs such as a refrigerator are
usually not met with the current PV systems, as projects were designed based on budget constraints.
For instance, Covarrubias et al. [82] found that the system on average only provided electricity for 1-
1.5 hours (never more than 4 hours) per day.

Being aware of this issue, the DAEE is currently working on a new definition of electrification, and
“based on this definition that we are working on, we are trying to convince the Minister [of Energy],
we say that certain systems were pre-electrification, and now we will do a second phase, which is
electrification.” Therefore, the currently installed energy system will either need to be substituted, or
upgraded to meet an increasing energy demand.

The Ministry of Energy is also currently switching its strategy from an electrification approach to an
integral ‘emergization’ approach, which goes beyond basic household electrifications and aims to
cover all energy needs of the communities. The DAEE was created precisely to tackle this problem, as
explained by its representative: “...[t]he concept of equity for us is a concept that ... if the State
provides different services, we should all have the same service quality everywhere.” According to the
energy roadmap from the Ministry, one of the first steps in the application of the energization’
approach is to assess the necessities of vulnerable groups, which is expected to occur from 2016 to
2018.

Social Acceptance

The civil society has recently played a significant role in the Chilean energy sector. In response to
disagreements and discontent with several energy projects (mainly hydroelectric- and coal-fired power
plants), social movements have emerged [100]. Protesters claim to be consulted and involved in the
projects, otherwise they have shown to have the power to stop them. As revealed by a representative
of the German Chamber of Commerce, this was for instance the case with a German firm that had
been working on a PV project for three years. Since the firm did not engage the local community and
their elected local authorities, residents of the community with the support of their mayor sued the
company. According to the representative of the German Chamber of Commerce, they managed to
stop the project despite the fact that the company had complied with all formal and legal requirements.
As discussed elsewhere [100, 109], efforts for engaging the community have not been addressed
properly in Chile, as participation is still understood as the provision of information, rather than the
engagement of the community from cradle to grave.

68



According to several interviewees, the off-grid PV systems have also experienced rejection from
communities in rural areas. These cases mainly involved indigenous communities in southern Chile. A
DAEE representative recalls:

“They [the community] prefer to wait two years to obtain the resources, such that they put
them the grid. It was like that;, we already had the project ready. The party leader came
here to the Ministry, and said ‘listen, sweetheart, your study is really great, but my people
don’t want this. [...] We will talk to the distribution company. It’s either grid or grid.’”

According to the Ministry of Social Development, the negative experience with off-grid PV systems
(including the limited capacity installed) that inhabitants of rural areas observed in neighboring
villages in the past, may have aggravated the premature rejection of the systems. An NPO member has
proposed identifying important social actors within a community to rely on, who also have the status,
the skills, and the motivation to engage and involve the community.

Nevertheless, there are successful experiences in gaining social acceptance of off-grid PV project. In
the Huancano project for example, the community was previously characterized by a multidisciplinary
team of specialist including anthropologists, sociologists, and legal scholars, who defined social
interactions of the community and their use of the resources, they identified key participants, and
analyzed the disposition of the users to participate in the project and define their roles [91]. As a
consequence, most users accepted and advocated the project, as 73% considered that the project had a
positive effect on their everyday life [90].

Accuracy

In order for a project to be accurate, it has to meet the specific local needs and consider the socio-
cultural reality of each community. The Ministry of Energy seems to be aware of the need of accuracy.
Accordingly the staff from DAEE is trained on the bottom-up energy model “HOMER”, an
optimization model aimed at remote areas that evaluates micro power on-grid and off-grid systems to
determine the configuration of the most appropriate solution for a particular community [116]. Yet,
when the Ministry of Energy is not involved in the selection process (in the case of projects of less
than approx. US$ 120,000), the municipality is entitled to decide which technology will be deployed
(usually without having the required know-how on energy models nor on technological options). This
lack of know-how can become problematic, since the municipality may have to trust in a provider
whose opinion maybe biased. A representative of the Ministry of Energy recalled a conversation with
a local energy provider of PV systems who was trying to sell his product to the Municipality:

“‘Listen, I [the provider] can put PV panels for 100 houses.’ And it turns out that all these
houses are contiguous, and you have a river with a waterfall and you say ‘no, no, no, wait.
Let’s see. Here it’s better to build a mini hydro station, you have much more energy, it’s
cheaper, and more sustainable over time, etc.’”

Inaccurate systems tend to underestimate the required capacity: For instance, as the system capacity
of 150Wp was too small in Curepto (providing on average 1.5-2hours of electricity), people had to
continue using their alternative energy sources such as candles, batteries for lanterns and radios, and
paraffin. Hence, on average they spend an additional US$6.3 per month [82]. This deficiency has been
explained by the fact that the PER program exclusively focused on reaching the target electrification
rate instead of assuring the quality of the service/technology [83]. A review of the BIP database shows
that some recent projects have corrected this flaw by upgrading the capacity of SHS e.g. to 480Wp in
Curanilahue (Maule region); 600Wp in Los Torreones, Lago Zenteno, and Litoral (in the Aysén
region); and 500Wp in Tortel, O'Higgins, and Cochrane (also in the Aysén region) [86]. In other
projects however the capacity remains low until today (e.g. SHS of 100Wp and 130Wp in Coquimbo
region in 2012, and 85Wp in the Arica and Parinacota region in 2009) [86].
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Socio-Cultural Justice

Interviewees from Universities, NPOs, and the Ministry of Energy all agreed on the importance of
engaging small communities and respecting their culture. However, they also pointed out the fact that
there is no universal solution (i.e. an engagement model) for all communities, mainly because of the
diversity of small communities inhabiting rural areas in Chile. As summarized by a researcher from a

Chilean University:

“It strongly depends e.g. how the community is organized, if it is a united social structure,
how decisions are taken within a community, the vision they have about the systems. Many
things. How organized they are. [...] and based on all that, one can propose -as we are
doing as a university- the management scheme that best adapts to this reality.”

Therefore, the major issue is not necessarily the lack of awareness on the cultural particularities of
small communities, but the lack of an engagement model. This has been particularly problematic in
the case of large-scale energy projects (such as hydropower plants), (see [100]).

Regarding each sustainability indicator considered in this paper, Table 4 provides a summary of the
strengths and weaknesses of rural electrification efforts in Chile based on off-grid PV solutions.

Table 4: Strengths and weaknesses of rural electrification efforts in Chile based on off-grid PV

solutions.

Indicator

Strengths

Weaknesses

Stability

Formal Institutions are stable in Chile compared
to its Latin American neighbors.

Regulation and Standards

Technical standards and regulations for PV
systems have been defined (GEF/UNDP
program).

Standards not mandatory and not necessarily used
in tenders.

Decentralization and

Openness to participation

Engagement of communities, in some projects,
for example, in the case of the Coquimbo and
Huatacondo projects.

Lack of (technical) know-how in rural areas
(which has affected some PER projects).

Participation is still understood as the provision of
information, rather than the engagement of the
community from cradle to grave.

Adaptability Chile lacks a decentralized agency for overseeing
off-grid electrification projects.
Affordability Initial investment is covered by FNDR. No cross subsidies aimed at covering off-grid costs

(from users connected to the grid for example).

Cost effectiveness

New Energy Agenda considers the substitution
of projects based on diesel generators for cost-
effective solutions based on PV.

Decisions have been made based on the initial
costs only, not considering O&M costs or
environmental impacts (life-cycle costs).

Consideration of O&M costs

The costs for O&M of PER-sponsored projects
have to be annually approved by the SUBDERE
(thus causing uncertainties).

Contribution to income of
users

PV programs for productive use (such as those
sponsored by INDAP) widespread.

Reliability of supply

Ex-post project evaluations found that most of
the systems of the PER program were
operational.

Reliability depends on the engagement/proactivity
and technical skills of the community, which may
threaten the sustainability of these projects. .

Environmental awareness

The younger population exhibits
awareness on environmental issues.

higher

Selection criteria for a technology are still
exclusively based on direct costs without
considering the environmental impacts.

Environmental impact

GEF/UNDP  environmental
disposal have been established.

standards  for

As environmental standards are not mandatory,
battery disposal is often not considered in the
projects.

Accessibility (Disparity,
equity)

High electrification rate in Chile (99% national;
97% rural).

Indigenous communities still have less access to
electricity, since communities have to request
electrification at first place. This approach favors
better organized communities leaving behind
others -normally the poorest indigenous
communities.
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Social acceptance (Accuracy)  System size has been upgraded in many local As no minimum capacity is defined, inaccurate
projects.. Training on the energy model HOMER  solutions often lead the rejection of off-grid PV
for staff of the Ministry of Energy. systems

Cultural Justice Chilean officials are aware of the importance of
local participation. Indeed, cultural factors
(gender, ethnical background, roles within a
community) are considered in the programs.

4. Conclusions

This paper analyzes the sustainability of rural electrification efforts in Chile paying special attention to
off-grid PV programs. Our assessment was based on a set of indicators (Table 1) corresponding to the
four dimensions of sustainability considered in this paper: institutional, economic, environmental, and
socio-cultural.

Institutional sustainability demands for stability/durability. Although institutional stability appears to
be less problematic that in its South American neighbors, the widespread neoliberal vision embedded
to the Chilean society appears to be constraining the role of formal institutions and restricting the
development and enforcement of regulations and standards. In fact, although a regulatory framework
for Rural Electrification with RE exists, it is not mandatory.

The lack of a mandatory set of regulations and standards makes the implementations of small-scale
off-grid projects unreliable. This is the case of projects whose investment cost does not exceed 70
million Chilean Pesos (approx. US$ 120,000) that can be funded by Municipalities or local authorities
without the prior technical approval of the Ministry of Energy. Greater projects with public funding
require the revision of the Ministry of Energy, which even includes defining an O&M model.
However, O&M has shown to be a challenge in remote areas of the country due to the fact that private
companies are not interested in the operation of small-scale electrification projects. Having a public
decentralized agency overseeing off-grid PV systems in the country may address this drawback, but
the Ministry of Energy has not yet considered such a solution.

Economic sustainability of electrification solutions requires ensuring the funding of the systems. The
affordability of the initial investment in the case of off-grid PV systems for rural users is not an issue
in Chile, since it is fully covered by the FNDR or by the sponsoring public agency. However, the cost
of the O&M, which can hardly be afforded by the largely poor inhabitants of remote areas of the
country, is neither funded by the FNDR, nor by the private sponsors. Although O&M costs can also be
requested to the respective GORE, they must be evaluated and approved every year. The need of
annual approval causes uncertainty and leads to unreliable systems, since the subsidy is not guaranteed
for the entire lifetime of the project.

Economic sustainability also requires providing a cost-effective solution for electrification. Though
the Ministry of Energy favors cost-effective solutions for rural electrification, they have been making
decisions based on the initial costs only, without considering for example O&M costs or
environmental impacts. This situation has recently improved, and the new Energy Agenda vows to
consider all costs over the lifetime in the evaluation of rural electrification projects.

Some programs, such as the PV-powered water pumps promoted by INDAP (an agency that depends
on the Ministry of Agriculture), have successfully contributed to the income of users. Although most
of these programs were only pilot projects, they have showed the potential of off-grid PV project for
productive uses in Chile. Indeed, favored by the unique conditions of its northern and central territory,
the adoption of solar energy technologies would yield substantial benefits for the poor inhabitants of
rural areas of the country. However, exploiting the solar potential of the country will require a better
coordination between different ministries (such as Energy, Agriculture, and Economy, Promotion, and
Tourism).
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Environmental sustainability entails the prevention of negative environmental impacts, which in turn
requires a widespread environmental awareness. Although especially the younger population exhibits
a higher awareness on environmental issues, these movements seem to be mainly motivated by
concerns on potential negative effects on the local communities (for example, direct pollution). From
the Chilean perspective, concerns on global problems such as climate change seem to be distant.
Moreover, the selection criteria for a technology in off-grid rural electrification projects funded by the
FNDR/GORE are still exclusively based on economical factors. Environmental impacts due to direct
pollution or GHG emissions are not considered in the project evaluation process. Improvements
regarding the impact assessment, but also in environmental awareness and understanding, are required
for ensuring the environmental sustainability of rural electrification efforts.

Although Chile has conducted remarkable efforts on electrification during the last 20 years, current
figures show that the poor and indigenous communities have less access to electricity than non-poor
and non-indigenous communities. This disparity is a major drawback that underscores the need for
adjusting the bottom-up approach (which means that the communities or the local authorities have to
request electrification at first place) adopted by the Ministry of Energy in rural electrification. Indeed,
this approach favors better organized communities leaving behind others -normally the poorest. The
bottom-up approach in rural electrification fails to meet equity criteria, significantly compromising the
socio-cultural sustainability of rural electrification efforts in Chile.

In the case of projects targeting indigenous communities, social acceptance of some off-grid PV
solutions has been problematic. The rejection of some communities to off-grid PV solutions has often
been due to their lack of accuracy (as the provided solution was unable to meet the specific local
needs). Ultimately, the rejection may be linked with the lack of an engagement model. Indeed, in Chile
participation is still understood as the provision of information, rather than the engagement of the
community from cradle to grave. Progress regarding accuracy is needed for ensuring the socio-cultural
sustainability of rural electrification efforts in Chile.

Yet, the formal institutions in Chile (in particular, the Ministry of Energy) are making progress and
have learnt important lessons from flaws in previous rural electrification programs. Indeed, the new
policy of the Ministry of Energy includes considering the life-cycle costs in the valuation of projects;
shifting from a pre-electrification approach with low PV system capacities to an energization
approach; fostering the productive use of energy; and adopting cross subsidies aimed at improving
equity in energy prices.
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kWh: kilo Watts hours
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MW: Mega watts

NCRE: Non Conventional Renewable Energy

NPO: Non Profit Organization

NPV: Net Present Value

OECD: Organization for Economic Co-operation and Development
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PER: National Program for Rural Electrification
PERYS: The National Program on Rural and Social Energy
PPA: Power Purchase Agreement

PV: Photovoltaic

RE: Renewable Energy

SD: Sustainable Development

SEA: Service for Environmental Evaluation
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SEREMI: Regional Secretaries of the Ministries
TIC: Information and Communication Technology
UNDP: United Nations Development Program

Wp: Watts peak
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5.2 Paper 3: Are the rural electrification efforts in the Ecuadorian Amazon sustainable?

In this paper, I assess the sustainability of rural electrification programs in Ecuador, paying special
attention to programs targeting small indigenous communities in the Amazon basin. Following the
theoretical framework described in Chapter 2, my assessment considers four dimensions of
sustainability (institutional, economic, environmental, and socio-cultural), while according to the
methodology described in Chapter 3, my findings are based on an exhaustive qualitative document
analysis, complemented by semi-structured expert interviews.

I found that Ecuador has not been able to establish strengthened formal institutions in the energy
sector due to a variety of issues including disruptive changes in electrification policies, a poor
enforcement of constitutional rights, a lack of technical standards, and legal incoherence. In spite of
these major flaws, national efforts to fund rural electrification have been persistent throughout
different administrations, which is due to a broad consensus on granting access to energy for all.
Unfortunately, despite of these efforts, substantial reliability issues of the off-grid PV systems
emerged, since the projects have completely neglected the allocation of funds for O&M. Moreover,
neither constitutional claims for environmental protection, nor socio-cultural rights for indigenous
communities have played a major role in rural electrification projects based on off-grid PV systems.
Ensuring sustainability in the Ecuadorian rural electrification sector therefore demands for
strengthened institutions that make progress towards environmental awareness, social acceptance, and
cultural justice.
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Abstract: In this paper, we assess the sustainability of rural electrification programs in Ecuador,
paying special attention to programs targeting small indigenous communities in the Amazon basin.
Our assessment considers four dimensions of sustainability (institutional, economic, environmental,
and socio-cultural) and is based on an exhaustive qualitative document analysis, complemented by
semi-structured expert interviews. We found that disruptive changes have affected the electrification
policies in Ecuador during decades avoiding the development of strengthened institutions. Despite this
major drawback, we found that there is a consensus on granting access to energy for all. This partially
explains the national efforts, persistent through different administrations to fund rural electrification.
However, in the case of off-grid photovoltaic solutions, these efforts have consistently neglected
allocating funds for operation and maintenance, which has seriously compromised the sustainability.
Moreover, although Ecuadorian officials declared to favor stand-alone photovoltaic systems in the
case of indigenous communities in the Amazon, we found that environmental or socio-cultural aspects
have a minor role in the selection of these systems. Progress regarding environmental awareness,
social acceptance, and cultural justice, is still needed for ensuring the sustainability of rural
electrification efforts in the Ecuadorian Amazon.

1. Introduction

In 2013, about 1.2 billion people (i.e. 17% of the global population) did not have access to electricity
(IEA, 2015). The lack of access to energy is mainly a rural issue: e.g., while in 2012 the global urban
electrification rate reached 94%, the rural electrification rate constituted only 68% [1].

Although it was not explicitly declared a goal, the access to energy was already considered a key
factor for achieving the eight Millennium goals [2]. This is why, in 2015, affordable and clean energy
was explicitly named as one (goal number seven) of the 17 new Sustainable Development goals,
which are to be achieved by 2030 [3]. Furthermore, in 2011 the United Nations (UN) initiated the
“Sustainable Energy for all” initiative, which focuses on three targets to be reached by 2030: 1) the
provision of universal access to modern energy; 2) doubling the energy efficiency rate; and 3)
doubling the share of Renewable Energy (RE) globally [4]. The emphasis given to RE can be tracked
back to the Agenda 21 in Rio in 1992, that highlighted not only the need of reliable and affordable
access to clean energy, but also the environmental soundness to be accomplished [5].

As compared to its Latin-American neighbors, the electrification rate in Ecuador is high, having
increased from 89% of the total population (79% of the rural population) in 2001, to 94,82% (89,03%
of the rural population) in 2010, and up to 96.77 % (no rural figures available) in December 2013
[6,7]. These notable achievements regarding electrification have been based on the extension of the
grid, which was favored by the size of Ecuador (the smallest among the Andean countries). However,
the focus on on-grid expansion has begun to change in recent years as it becomes unviable in isolated
remote areas. For example, in the northern Ecuadorian Amazon, the electrification rate ranges from
81.6% in the province of Pastaza to 88.2% in the province of Napo [7]. In addition to the major
geographical challenges for the extension of the grid, the main challenge in the Ecuadorian Amazon
basin (that stands for nearly 40% of the territory of the country) is that the small indigenous
communities in these areas are dispersed and isolated [8], which makes the grid expansion too costly.
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Although off-grid systems based on RE may have been an alternative to the national Ecuadorian grid
in prior rural electrification efforts, little attention has been paid to non-conventional renewable energy
(NCRE) in Ecuador. Indeed, the NCRE share in the country accounts for less than 2% of the total
power generation, with photovoltaic (PV) (0.07%) and Eolic (0.32%) still playing a minor role [9].
Since 1998, the few efforts focused on small indigenous communities in the Ecuadorian Amazon basin
have been based on stand-alone PV solutions. However, more recently the Ministry of Electricity and
Renewable Energy (MEER) began to promote PV-powered microgrids in remote areas [10].

In this paper, we critically analyze the current status and challenges of electrification programs in
Ecuador aimed at the rural population of remote areas. Paying especial attention to programs targeting
small indigenous communities in the Amazon basin, we addressed the following research question:
Are the rural electrification efforts in Ecuador sustainable?

In order to answer our research question, we conducted an exhaustive document analysis [11]
complemented by a qualitative research based on semi-structured interviews [12]. The interviewees
included experts from different ministries, national and international agencies, energy companies
(public and private), non-profit-organizations (NPOs), consultants, and researchers. Although below
we describe several relevant PV-based electrification efforts in Ecuador, our research was aimed at
gathering an overall picture of the rural electrification efforts in the country, rather than measure the
success or failure of specific projects.

The gathered information allowed us to assess the sustainability of the rural electrification efforts in
Ecuador. As detailed below, our assessment is based on a set of indicators (see our theoretical
framework) corresponding to the four dimensions of sustainability considered in this paper:
institutional, economic, environmental, and socio-cultural (see e.g. [13-15]).

2. Materials and Methods
2.1 Theoretical Framework

The importance of institutional sustainability is well established (see e.g. [15-17]. Institutions are a
framework of formal and informal guidelines that set the rules of interaction between individuals [18].
While informal institutions include religious or moral values and traditions [19], formal institutions
comprise laws, regulations, and standards meant to correct market failures and protect individual
rights [20]. Failures in rural electrification have often been attributed to the lack of coherence in the
legal frame (laws, regulations, and standards) [21-23], or the absence of proper standards (e.g. [24-
25]). Therefore, strengthened formal institutions are considered to be essential for rural electrification
[21-23,26,27]. According to Levitsky and Murillo [28], two factors determine the strength of formal
institutions: their enforcement and their stability (durability).

Numerous studies have revealed project failures in rural electrification due to a lack of collaboration
between local and central government entities on the one hand (see e.g. [29-31]), and a lack of
collaboration between different stakeholders from the energy sector (e.g. public agencies, NPOs, and
private companies) on the other hand (see e.g. [32,33]). These studies underline the importance of
openness to participation in the decision-making process by considering the role of informal
institutions [22,26]. Decentralization has also been stressed for facilitating participative decision-
making, improving in turn the accountability of authorities [34] as well as the adaptability (i.e. the
ability to meet the changing needs of the population in remote areas) [30,35-38].

Ensuring the funding or affordability of energy solutions is a major issue since rural households of
developing countries like Ecuador are generally significantly poorer than urban households. The
economic sustainability of rural electrification solutions requires ensuring the funding or affordability
of the systems (i.e. the initial investments and the operation and maintenance (O&M)) (see e.g. [23,
38-40]). In this context, it is important to provide a cost-effective solution for electrification [23,38].
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The security of supply (or reliability) of the provided solution also needs to be addressed. Although
RE may help to increase the reliability of supply (due to the diversification of energy matrix;
[23,39,41]), reliability in rural areas demands for local access to spare parts, which entails the know-
how to exert maintenance [42]. Moreover, as a higher access to energy is usually correlated with
higher income [38], these solutions are expected to contribute to the income generating opportunities
for inhabitants of remote areas [43-45]. In this case, electrification programs need to be coupled with
complementary infrastructure including training and education [46].

Empowered individuals have strong influence on policy makers [47]. Therefore, ensuring
environmental sustainability depends to a significant extent on people supporting the adoption and
enforcement of policies aimed at environmental protection. The support is linked with understanding
and awareness [48].

Environmental sustainability also entails the prevention of negative environmental impacts [49]. RE
can generate electricity with low or very low net CO2 emissions over their lifecycle [48]. In addition
to this positive long-term effect, the adoption of RE technologies in the Amazon may have direct
short-term environmental impacts in terms of reducing deforestation, which may also result in a loss of
biodiversity [23,38,39,50]. Although the positive impact of PV-based solutions is appealing, ensuring
recycling and proper disposal of PV modules and batteries after the end of their service life needs to be
ensured in order to avoid indirect environmental impacts [33].

Socio-cultural sustainability embraces notions of social justice, since ensuring the accessibility (i.e. the
access to electricity) may improve the life conditions of rural population in term of more education
(longer study hours due to the availability of electric light) and higher productivity (use of machines)
[23,35,37,51,52]. These notions of social justice drive the principle of equity/disparity used to
distribute the limited available resources as well as to decide who is provided with electricity [38,39]
and the amount of energy to be provided to each person [35,39, 53].

Socio-cultural sustainability also requires social acceptance (which implies a participatory and
inclusive approach in which the local community is engaged to increase their accountability for a
technology; [37,54,55]); as well as the accuracy (which comprises the selection of the technology
appropriate to the local consumer demands; [23,42]).

The importance of culture (traditions, values, identities, and cultural diversity) for sustainability has
been stressed elsewhere (e.g. [26,35,53,56]). In this regard, cultural justice refers to justice through
participation as well as mutual learning and knowledge sharing [57]. The cultural justice in rural
electrification can be evaluated according to the ability shown to integrate the technology into the
existing social structures [23,50,51,58].

Based on this review, we have defined a set of indicators (see Table 1) that were in turn used to
qualitatively evaluate the sustainability of the rural electrification efforts in Ecuador.
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Table 1: Indicators of sustainability used in this study

Institutional Economic Environmental Social /Cultural
Stability (Durability) Cost effectiveness Environmental Accessibility (disparity,
awareness equity)

Regulation and Reliability

Standards Environmental Social Acceptance
Funding (initial impact

Decentralization and  investment; operation Accuracy

Openness to and maintenance)

participation Cultural Justice

Contribution to income
Adaptability (ability  of users
to meet future needs)

2. 2 Methodology

A qualitative document analysis was conducted; document analysis is used when the history of events
is relevant to the research question [11]. It included public documentations such as the current
constitution; the “National Plan for Good Living (PNBV by its Spanish acronym); electrification laws
and regulations published by the energy regulator; energy roadmaps (prior and current versions);
academic publications on rural electrification projects; online newspaper articles on the social effects
of energy projects; rural electrification project descriptions and their outcomes from international
organizations; and scientific papers on topics related to the PNBV as well the fields of study such as
decentralization, government relations with indigenous communities, and political institutions.
Special attention was paid to prior efforts that tackled rural electrification programs in Ecuador from
the perspective of the indigenous communities (see for example references [59-62].

In addition to the document analysis, we conducted semi-structured interviews with stakeholders.
According to the approach broadly used for the assessment of sustainability (see for example [63-66]),
the stakeholders included experts from different ministries, national and international agencies, energy
companies (public and private), non-profit-organizations (NPOs), consultants, and researchers (see
Table 2 for details). The selection of initial interview partners was grounded on literature review that
we conducted before empirical research started. After receiving information from the initially
identified interviewees, we selected new relevant interview partners according to both the theoretical
sampling methodology [11] and the snowball principle [11,67]. Once we had reached data saturation,
as no additional information could be obtained from further interviews, the empirical interview
process was closed (for details on this methodology, see [11,67].

A total of 22 interviews were conducted in three series: the first interview series (12 interviews) was
held in December 2014 in Quito (Ecuador). Based on the recommendations from the first group of
interviewees, we interviewed further experts (5) in April 2015 (also in Quito). Finally, for completion
of data collection, we conducted five additional interviews via Skype® in May 2015, mainly with
international partners. Most of the interviews were held in Spanish except one interview that was held
in English and one in German.

While interviews with officials of the central government gave insights into the legal framework as
well as into strategic plans, interviews with representatives of Electricity Distribution Companies
(EDCs) provided information on specific rural electrification projects. Interviews with academics
allowed us a better understanding of the political and social circumstances, while interviews with
international and local NPOs gave important insights into the consequences on the local population of
policies and specific rural electrification programs. Indeed, representatives of NPOs, closely working
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with the communities, exposed several complaints from indigenous communities regarding the
electrification policy of the central government.

Interview questions were clustered into four dimensions (institutional, economic, environmental, and
socio-cultural) considered in this paper and addressed each of the indicators in Table 1. Questions on
the institutional dimension (e.g. “What has been the role of this institution for rural electrification in
the past and the present?” “How is the rural electrification process put into practice?” “How are the
community members imbedded in the rural electrification projects?” “Who and how is the compliance
with the regulation assured?”’) were focused on the regulatory framework and its compliance, as well
as the interaction between key stakeholders. Questions on the economic dimension (e.g. “Who is
paying for the initial investment/O&M costs?” “What has the economic impact been on the user (e.g.
energy for productive uses)?” “What are the technical minimum requirements for the systems?”)
addressed the funding of the systems over their lifetime, their reliability as well as the economic
potential of energy for rural areas. Questions on the environmental dimension (“How is battery
disposal handled in rural electrification?” “How would you describe the awareness on environmental
issues on a political and social basis?”) focused on the environmental awareness (formal and
informal). Finally, questions on the socio-cultural dimension (“To what extend (and how) are projects
adjusted to local circumstances?” “Have you found different behaviors related to the ethnical
background?” “Do you provide different technological solutions to different communities? If so, what
are the criteria these decisions are based on?” “Do you remember any cases where PV systems were
rejected by a community?) aimed to address socio-cultural aspects of policies and electrification
programs as well as their social acceptance and accuracy. Although the questions were previously
defined, the semi-structured interviews allowed us dive much deeper into specific topics by asking
additional questions according to the background and expertise of the interview partners.

The interviews lasted between 28 and 108 minutes, and all of them but one (as one interviewee asked
to stop the recorder fearing political retaliations) were fully recorded. Two additional statements were
given by email. A representative from a German Bank for Development refused the interview fearing
to fuel diplomatic turbulences between Germany and Ecuador at that time.

The information gathered by the document analysis and the semi-structured interviews allowed us to
assess the sustainability of the rural electrification efforts in Ecuador. The assessment of the
information was based on coding. By using the MAXQDAI11® software, the codes were clustered
according to a set of indicators (see Table 1) corresponding to the four dimensions of sustainability
considered in this paper: institutional, economic, environmental, and socio-cultural. Our assessments
are presented below.

Table 2: Interview Partners

Area Sub-Area Division (if applicable)
Government Institutions Ministry of Electricity and RE Division of Renewable Energy
Energy Sector (MEER)

Division of Energy Distribution

Agency for Regulation and Division of Planning
Electricity Control (ARCONEL,

by its Spanish acronym) Division of Technical
Regulation

Division of  Environmental
Management

National Institute for Renewable Research Line on Solar Energy
Energy and Energy Efficiency
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Government Institutions Coordinating Ministry of Sub-secretary Coordinating

Strategic Sectors (MICSE) Ministry

Non- Energy Sector
National Planning and General  Sub-secretary  for
Development Secretary Planning of Good Living
(SENPLADES by its Spanish
acronyms)

Third Communication on

Ministry of Environment Climate Change Mitigation

Academics &  Research Public Policies
Institutes

Universities/Research Centers Sociologist

Electric Engineer

International Agencies United Nations Development Energy Division
Program (UNDP)

Inter-American Institute for the Division of renewable energies
Cooperation in Agriculture (IICA
by its Spanish acronyms)

NPOs Ecuadorian Foundation for the
Proper Technology (FEDETA)

Rural Development Organization Local solar energy initiative
(naming undesired)

Cooperation for the Investigation
on Energy

Energy Companies Electricity Distribution RE Unit
Companies (EDCs)

Private RE Companies RE Companies
Independent Energy Energy Rural Energy
Consultant (previously hired
at EDCs)
3. Ecuador

3.1. General Background

Ecuador is a former Spanish colony of about 283,500 km? bordered by Colombia on the north, Peru on
the east and south, and the Pacific Ocean to the west. The Andes act as a transect from north to south
dividing the country into three geographic regions: the coastal lowlands (located between the Andes
and the Pacific coastline and characterized by its tropical climate), the Andean highlands (mostly
temperate and relatively dry), and the Amazon basin (on the eastern side of the Andes and
characterized by a rainforest climate).
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Most of the inhabitants of the country (nowadays about 15,8 millions) traditionally lived in the coastal
lowlands and the Andean highland. In 2015, 63.7% of the total population of the country was urban
[68]. By the mid-sixties, the Amazon basin of about 120,000 km® was basically disconnected from the
rest of the country, which favored the conservation of the Amazon rainforest. This area was
traditionally inhabited by small and dispersed indigenous communities. However, during the last
decades the central government favored the colonization of the region, which was further accelerated
by the discovering of oil in the early seventies. To date, still less than 5% of the total population of the
country inhabits this area that stands for nearly 40% of the total territory of the country.

Although Ecuador’s economy was traditionally based on agriculture, during the last decades the
country has been highly dependent on oil revenues that in 2013 accounted for 56.5% of its incomes
from exports [69]. Mostly driven by oil revenues, between 2007 and 2014, on average the GDP grew
by 4.3% per year, while the poverty ratio declined from 38% to 23% during that period [70].

The government of the country is organized at different levels: municipalities or cantons (often
including towns, small cities and also rural areas), provinces (that includes several cantons), and more
recently political regions (that include several provinces). Ecuador is a presidential republic and
representative democracy. Officials are elected by popular vote also at different levels: majors in
municipalities or cantons, prefects in provinces, and the president of the country (that controls the
national government and designates officials in charge of the political regions [71]. Despite this formal
decentralization, oil revenues are controlled by the national government, and there is a partial
redistribution of these funds to municipal and provincial governments. The representatives (congress
men) are elected by popular vote to the National Assembly (unicameral Congress) that acts as the
legislative branch. The current President, Rafael Correa, was elected in January 2007 for the first time,
and reelected in 2013. Since 2008, the national government has been reorganized, currently accounting
for 21 Ministries, 6 Coordinating Ministries, and 11 State Secretaries [72]. In 2013, Ecuador ranked
79th on the Democracy Index (compiled by the Economist Intelligence Unit, EIU).

3.2 Electrification in Ecuador

Generation and distribution of electricity began in Ecuador during the first half of the XX century as
private initiatives, later supported by local governments (municipalities) of major cities in the country.
This is why municipalities still hold some shares of EDCs serving major cities in the country (see e.g.
[73-75]). These early initiatives were focused on major urban nucleus and only in the early sixties the
national government assumed a regulation role by creating the Ecuadorian Institute of Electrification
(INECEL, by its Spanish acronym). Since 1961 to 1999, INECEL centralized the sector’s planning,
regulation, tariffs, construction, and operation processes, leading to high electrification growth rates
[76]. INECEL bought most of the shares of existing EDCs, and created new public companies on
generation (including important hydroelectric projects), transmission, and distribution (aimed at areas
beyond major cities) [77,78].

In the nineties, a liberal administration tried to open the electric sector to private investors [79]. Aimed
at the privatization of the public EDCs, this administration decreed the substitution of INECEL by the
Agency for Regulation and Electricity Control (CONELEC, by its Spanish acronyms). CONELEC
assumed the role of strategic planning, control and supervision of the EDCs, as well as the tariff
regulator [80], while INECEL’s assets were transferred to the “Solidarity Fund” (“Fondo de
Solidaridad”). The latter was an agency created in 1993 and controlled by the National Modernization
Council (CONAM, by its Spanish acronym) that led the privatization processes in Ecuador [81]. The
“Solidarity Fund” became the majority shareholder of six generation companies, one transmission
company, and 20 EDCs [10]. Yet, the planned privatization of the EDCs was never accomplished.

In 2009, the Correa Administration eliminated the “Solidarity Fund” transferring the assets of the six
generation companies to a new public consortium: the Ecuadorian Electric Corporation (CELEC E.P.
by its Spanish acronym). Assess of the EDCs were transferred to a new ministry: the Ministry of
Electricity and Renewable Energy (MEER by its Spanish acronym) that assumed the role of designing
policies on generation, transmission, and distribution [76].
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In 2015, the Correa Administration ordered the merge of the existing EDCs to form a single company,
and reorganized the functions of the MEER and CONELEC (which slightly changed its name and its
Spanish acronym to ARCONEL), giving more power to the MEER. The MEER assumed the role of
strategic planning, while ARCONEL kept the role of control and supervision of the EDCs, as well as a
tariff regulator [80].

Currently, the share of NCRE in Ecuador accounts for less than 2% of the total power generation, with
PV (0.07%) and Eolic (0.32%) playing still a minor role [82]. The country mainly relies on hydro and
thermal power plants that account for 46% and 49% of the total power generation respectively [82].
The relative importance of hydropower plants will sharply increase in the upcoming years, as the
government commissioned the constructing of several major power plants accounting for a total power
capacity of about 2.5 GW, which stands for an increment of nearly 50% of the current power capacity
(5.3 GW) [83].

Tariffs in the on-grid sector are highly regulated; all of grid-connected residential users in Ecuador are
subjected to the same electricity tariff (US$ 1.4 fixed costs plus US$ 0.08 per kwh consumed), which
is adjusted annually by ARCONEL [84]. However, households that consume less than 130kwh/month
(in the Amazon basin and the Coastal lowlands) and 110kwh/month (in the Andean highlands) are
subjected to the so-called “dignity tariff” (enacted by Constitutional Mandate No.15 in 2008), which is
half of the regular tariff. On the other hand, the off-grid sector is still mostly unregulated and there is
neither a tariff regulation nor are there service standards.

3.3 Rural Electrification

As compared to its Latin-American neighbors, the electrification rate in Ecuador is high, having
increased from 89% of the total population (79% of the rural population) in 2001, to 94,82% (89,03%
of the rural population) in 2010, and up to 96.77 % (no rural data available) in December 2013 [6,7].

These notable achievements in rural electrification were fueled by the “Fund for Rural and Urban-
marginal Electrification” (FERUM by its Spanish acronym). Since 1998 until 2008, the FERUM
received resources from a 10% tax charged to the tariff paid by on-grid commercial and industrial
consumers around the country [85].

In 2008, the Correa administration cancelled this tax, and funds for FERUM have thereinafter directly
been disbursed from the national budget. Although the funds for FERUM increased in the first years
(from US$ 46 millions in 2007 to US$ 126 millions, in 2008), promises of funding the FERUM by
US$120 millions were not fulfilled in 2009 and in 2011 [6]. More recently, in 2012/2013, FERUM
received about US$ 55 millions (US$ 40 millions by the Inter American Development Bank (IADB)
and about USD 15 million by the national government). A new contract (known as FERUM II) was
signed with the IADB in 2014 for a credit of US$ 30 millions [86].

So far, most of the FERUM investments have been focused on the expansion of the grid to rural areas.
From 1998 to 2009, only 1.86% of the FERUM was invested in off-grid RE solutions including stand-
alone PV systems [87]. However, the focus on the grid expansion has begun to change in recent years
as it becomes unviable in remote areas. Especially the provinces of Pastaza and Napo in the northern
Ecuadorian Amazon and the province of Esmeraldas in the northern Ecuadorian coastal lowlands
present major geographical challenges for the extension of the grid. Moreover, some communities in
these areas are dispersed and isolated [8], which makes the grid expansion too costly.

Until 2009, few efforts targeted these remote and isolated areas by providing stand-alone PV solutions.
Before disappearing, the CONAM and the “Solidarity Fund” installed off-grid PV systems in the
Ecuadorian Amazon basin [88]. International initiatives in collaboration with the MEER, such as the
Euro-Solar program (EUROSOLAR, NA), and the PROMEC program [88] were also relevant efforts,
targeting communities in the Amazon basin and the northern coastal lowlands [89]. Yet, estimations
indicate that only about 10% of the off-grid PV systems installed until 2009 are still in use [90].
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In 2009, ARCONEL proposed to the EDCs to form special units focused on rural electrification based
on off-grid RE solutions. Some companies, following this proposal, thereinafter deployed stand-alone
PV systems funded by FERUM. For example, the EDC “Empresa Electrica Quito (EEQ)” formed a
RE Unit and has installed 370 stand-alone PV systems (funded by the FERUM) in rural areas
surrounding Quito (the capital of the country of nearly two millions inhabitants). EEQ has the
responsibility of providing electricity to Quito, but also to the surrounding rural population (that
includes non-indigenous farmers separated from the grid by dozen of kilometers). EEQ has installed
systems of 390 Watts peak (Wp), which translates into approximately 45.81kwh per month (roughly
twice those provided by the EDC CentroSur) [91]. EEQ set a monthly fix price of US$5. The company
subsidies the remaining US$14.4 to cover the total O&M costs of US$ 19.4 per month [91].

Another EDC, “CentroSur”, also formed a RE Unit and installed since 2010 approximately 2900
stand-alone PV systems of 150 Wp in about 70 communities in the Amazon basin. CentroSur is the
EDC in charge of providing electricity to Cuenca (the third most populated city in Ecuador with nearly
half a million inhabitants), but also to a significant part of the southern Ecuadorian Amazon basin
(inhabited by small indigenous communities —each with a population of less than 60- often highly
dispersed). CentroSur estimates that the minimum energy generated by their PV solutions is 19kwh
per month, which is charged by applying the “dignity tariff” [88]. Montero and Cajamarca [92]
estimate that this tariff only covers about 15% of the related operational costs of the EDC. The rest of
the operational costs are normally absorbed by the EDC, which is facilitated by the size of the
company and the incomes from providing the service to a significant urban population.

Nowadays, rather than stand-alone solutions, the MEER is promoting PV-powered microgrids of up to
10 Mega Watts peak (MWp) in remote areas. These microgrids should be funded by the FERUM
(through the FERUM II contract) and are meant to generate energy not only for households, but also
for schools, public lightning, and small health centers.

4 Results
4.1 Institutional Sustainability
Stability

Institutional sustainability requires strengthened formal institutions, whose strength is determined by
their enforcement and their stability (durability). Both have always been problematic in Ecuador.

As described above, the Correa administration has introduced profound reforms that included the
energy sector [93]. However, institutional changes did not begin with the Correa administration. In
fact, Ecuador has undergone frequent institutional changes in its short history as a free nation. Since
1938, the country has adopted seven different constitutions: in 1938, 1945, 1946, 1967, 1978, 1998,
and 2008. The last of these constitutions was promoted by President Rafael Correa after his election in
2006.

Disruptive changes can also be observed in RE policies. For example, in 2011, ARCONEL introduced
a very high Feed-In-Tariff (FIT) of 40 cents per kWh to foster on-grid NCRE; an even higher tariff of
44 cents per kWh was introduced in Galapagos Islands (which are also Ecuadorian territory). Despite
the fact that it did not reach the goal of 300 MWp, the FIT program was abandoned.

Rural electrification efforts by off-grid PV systems have been affected by these frequent institutional
changes as well. In 2004, the CONAM, decided to run a program to install 620 stand-alone PV
systems. The systems were acquired and installed by the “Solidarity Fund” in remote areas in the
Ecuadorian Amazon basin. In order to ensure the maintenance of the systems, they were supposed to
be transferred to the EDCs. However, the transfer of the system to the EDCs did not occur and the
“Solidarity Fund” was eliminated in 2009. According to an EDC representative, due to the lack of a
legal transfer, the PV systems did not have an owner and were eventually abandoned, as they were not
maintained by anyone.
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Several interviewees considered the continuing changes in the institutional framework and the changes
in authorities to be a significant issue in Ecuador. According to a representative of the UNDP “one of
the big issues of any project is the rotation of authorities in the different Ministries. [...] So, often the
planning of the projects is affected by these authority changes. And this really affects the projects a
lot, and especially, it affects the transmission of all the generated information.”

Regulations and Standards

The National Planning and Development Secretary (SENPLADES, by its Spanish acronym) was
found in 2004 as a planning entity that originated from a merger of the CONAM with the National
Secretary of Development of Millennium Goals [94]. It is a branch of the Presidency and is the
ultimate to decide on the project approvals of all sectors. SENPLADES generated the “National Plan
for Good Living PNBV 2009-2013”, and more recently, the PNBV 2013-2017 [94].

Allegedly based on the 2008 Constitution, the PNBV aims to provide a roadmap for developing the
country. However, several interviewees have questioned if the PNBV was conceived according to the
reality of the country’s situation and if its effective execution is possible. According to a social science
researcher

“ ... they [SENPLADES] are writing what is the policy or the dream of Good Living. [....] So you got

persons [....] who are directly from the middle upper class, especially middle class, who have a
wonderful vision, full stop. From there on it is disconnected from reality.” Furthermore, according to a
political science researcher, objectives in the PNBV are expressed as mere intentions without any
quantifiable indicators.

A professor of electric engineering argued that another reason why PNBV objectives are hardly
achievable is that “many of these things are in the constitution, but from the constitution it needs to be
passed on to laws, and from there to regulations”. However, at different government levels, some
public agencies have not produced the regulations needed to deliver the vision expressed in the PNBV.
Reasons are manifold but some interviewees pointed to the lack of consensus on some of the PNBV
objectives. According to a social science researcher, there is a gap “/b/etween the political decision
and the technical criteria, and hence the applicability of the policy.”

The lack of coherence between the constitution and the regulations has affected the rural electrification
in Ecuador. According to a representative of ARCONEL, although the 2008 constitution declares that
energy is a basic right, it is not anchored in the law, such that the lack of provision of service is not
penalized. An energy consultant added: “in fact, one of the managers [of an EDC] who is a very good
friend of mine, said ‘Listen, I already have enough with the grids. Don’t put me any more activities,
because I don’t even get along with what I have. It is irresponsible to compromise to attend more
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people when I can’t attend the current ones well’.

Constitutional rights regarding energy have also lacked enforcement in Ecuador. This lack of
enforcement has inhibited the development of strengthened and sustainable formal institutions, which
in turn may avoid further efforts on improving regulations or setting new standards.

Decentralization and Openness to Participation

In addition to a decentralization process (understood as redistribution of the funds to elected local
governments), the Correa administration adopted a “deconcentration” approach (understood as the
delocalization of the central government aimed at the efficient provision of services). Indeed, several
services have undergone delocalization/deconcentration in recent years. However, the energy sector, in
particular the distribution of electricity, takes the reverse strategy, being subject to a process of
recentralization.

Law 418 issued in 2015 stipulates that the 11 EDCs in the country will be merged to one single
company, whose ownership will be transferred to the central government by the end of 2016. This
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decision was mainly motivated by the prospect of economies of scale. The interviewees partly
welcomed the initiative, since it may facilitate the compensation of eventual losses of one EDC by
other EDCs. Indeed, losses are frequent in the case of EDCs serving rural areas, while they are less
frequent in the case of companies serving urban populations. Moreover, EDCs show considerable
differences in their efficiency, and pay different attention to rural electrification. One single EDC
could phase out these differences. The same is true for technical and quality standards, as there are
currently differences between the standards adopted by different EDCs.

Recentralization may lead to short-term benefits to the Ecuadorian energy sector (by facilitating the
adoption of coherent technical and quality standards of service). However, some interviewees pointed
to the loss of adaptability (i.e. the ability to meet the changing needs of the rural population in remote
areas of the country). The central government planning may further restrict local participation, while
empowering its own position. According to a representative of a NPO: “On top is the Ministry of
Electricity. In theory, with the new electricity law, the [...] national energy operator, the one which
would basically be the generation, transmission, and distribution, would all be below this organism.
So, basically this is a very high concentration of power in the electricity sector.” and “the EDC, in
this case [referring to an example] the CentroSur, does not have the independence from the MEER to
take decisions in the area, in the local sector.”

4.2 Economic Sustainability
Cost Effectiveness and Reliability

In the case of the remote areas (inhabited by small communities —each with a population less than 60
and often very dispersed), Ecuadorian officials appear to recognize that off-grid RE systems are a cost-
effective solution (since grid expansion is too costly in the northern Ecuadorian Amazon as well as in
the province of Esmeraldas, in the northern Ecuadorian coastal lowlands). This may explain why in
2009 ARCONEL proposed to the EDCs to form RE Units focused on rural electrification based on
off-grid RE solutions. As described above, following ARCONEL’s advice, some companies (such
EEQ and Centro Sur) established RE units and have deployed stand-alone PV systems funded by
FERUM in rural areas of the country.

The cost-effectiveness of off-grid PV solutions in remote areas is also favored by the geographical
location of Ecuador. Indeed, the adoption of solar energy technologies has the potential to yield long-
term benefits for the country in terms of reliability (through reliance on an inexhaustible and import-
independent resource). However, assuring a reliable energy supply further demands for local access to
spare parts, which entails not only the know-how, but also funding for O&M. Yet, missing spare parts
and a lack of know-how of the communities on how to do small maintenance repairs has been one of
the reasons for the damage of PV systems from the FERUM 2008-2010 program [95]; in the case of
CentroSur on the other hand, despite the fact that costs are not covered by the government, the
communities all have a stock of spare parts and receive training (all users get trained on basic
maintenance, and a technical operator is trained in-depth) on how to maintain the systems [88]. As
explained below, O&M funding is still an open issue in Ecuador, which may compromise the
reliability of off-grid PV solutions in remote areas.

Initial Investment

Economic sustainability of rural electrification efforts requires ensuring the affordability of the
systems and their O&M. In Ecuador, policy intervention is inevitable because rural populations are
poor and cannot afford the initial investment by themselves.

The initial investment (either for grid extension or for off-grid PV solutions) is provided by the
FERUM. The high rate of rural electrification reached in Ecuador in recent decades is a consequence
of the FERUM that funded initial investments associated with rural electrification efforts. Although
the FERUM is still the main source of resources for initial investments aimed at rural electrification, it
is no longer funded by on-grid commercial and industrial consumers, but by the central government.
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In other words, the budget of FERUM depends on political priorities of the central government. The
change in the funding mechanism for FERUM has resulted in great variability of funds aimed at rural
electrification.

These changes in the funding system of the FERUM were sharply criticized by interviewees who were
also skeptical on the perspectives of the FERUM. According to a NPO representative, as “//Jean
periods that may come next year because of a lack of oil revenues, what are you going to do? Cut the
budget.”

Operation and Maintenance

There are no public funds specifically allocated to O&M of rural electrification programs. In the case
of grid-connected users, the costs of O&M are covered by the tariff (also in rural areas). However, in
the case of off-grid PV solutions, these costs are significantly greater than what poor inhabitants in
remote areas can afford. Although in the latter case the IADB has suggested the MEER to allocate
funds for O&M, the interviewees from MEER and from ARCONEL confirmed that up to now it is not
clear how to fund the O&M of the off-grid rural electrification programs. The costs of O&M of rural
solutions could be included in the tariff of urban users or be covered by the FERUM. However, no
solution has been implemented yet.

As FERUM only funds the initial investments, the O&M of off-grid systems must currently be
assumed by EDCs. However, according to the interviewees, companies are reluctant to assume these
costs (especially in the case of remote areas), since it generates a financial gap for EDCs. Although
this gap is supposed to be covered by the Ministry of Finance, according to an interviewed consultant
(and confirmed by a representative of an EDC), the reimbursement to EDCs for O&M expenses is not
met in practice.

The need of allocating funds aimed at O&M is well known by the Ecuadorian officials. However, a
representative of the MEER declared that the country is still searching for a model to ensure the
economic sustainability of rural off-grid electrification.

Contribution to income of users

As a higher access to energy is usually correlated with higher income, for energy solutions to be
sustainable they are expected to contribute to income generating opportunities for inhabitants of
remote areas. This idea seems to drive the new policy adopted by MEER that promotes PV-powered
microgrids of up to 10 (MWp) for remote areas. A pilot project based on microgrids at Zancudococha
(Orellana Province) has benefitted 29 families [10]; the new microgrids will be funded by the FERUM
(through the FERUM II contract) and are meant to generate energy not only for households, but also
for schools, public lightning, and small health centers. However, for the user’s productive outcome to
be increased, the electrification programs need to be coupled with complementary infrastructure
including training and education, which according to the interviewees is currently not the case.

Moreover, several projects based on productive uses have been implemented in Ecuador by NPOs.
These projects range from handcrafts, to corn dryers powered by PV energy, solar boats for
transportation, and energy for milk collection centers. All of these solutions are only pilot projects so
far. A representative of a NPO involved in the development and implementation of these solutions
stressed that “in order to be sustainable, it needs to originate right there. From the profitability of the
proper system, which need to be sufficiently profitable to be attractive.” Similarly, another NPO
representative agreed on the importance of “...not creating a project from outside and imposing it on
the community so much, but rather talk about what is solar energy capable of, and what would be
helpful to them.”
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4.3 Environmental Sustainability
Environmental awareness

Interviewees considered especially the middle and upper class in Ecuador to be aware of the need for
environmental protection. Indeed, the country was one of the first Latin-American countries in
creating a Ministry of Environment (in 1996) [96]. Moreover, the concept of environmental protection
was included in the 2008 Constitution. The 2008 Constitution also states the need of consulting the
communities affected by any major economic activity (such as oil drilling or mining). However, these
rules are usually not complied in practice, which may indicate that environmental awareness is not
widespread in Ecuador.

A representative of a NPO explained that communities in the Amazon basin, where most of the oil
drillings take place, are mostly opposed to these activities since “they know that their lives
economically, as well as socially, but economically, that they depend on the health of the forests.”
Despite the opposition of some communities, drilling in the Amazon basin and major mining in the
Andean highlands are currently flourishing in the country. Indeed, recently the Correa administration
authorized oil drilling in the Yasuni National Park, located in the Amazon basin and considered to be
one of the most biologically diverse forests in the world [97]. This authorization was issued despite the
fact that the area was a protected National Park hosting uncontacted indigenous communities [98].

The high dependence of the country on oil revenues that accounted for 56.5% of its incomes from
exports in 2013 [69] appears to be driving decisions of the central government. Notwithstanding what
is written in the constitution, environmental issues seem to be having a minor role in policy making.

Environmental impacts

In general terms, the adoption of solar energy technologies yields long-term benefits in terms of
pollution abatement and climate change mitigation. In the Amazon basin that hosts the greatest
biodiversity on earth, the benefits are particularly clear in the short term; the adoption of solar energy
technologies for electrification in these areas may contribute to protect the biodiversity, reduce
deforestation, moderate land degradation, and avoid noise (that may disturb uncontacted indigenous
communities inhabiting some areas in the Amazon basin; [99,100]. Despite these benefits, rural
electrification policies in Ecuador continue to favor the grid expansion. Off-grid solutions have been
adopted only in areas that present major geographical challenges for the extension of the grid, or that
are inhabited by dispersed and isolated communities.

Regarding the prevention of negative environmental impacts, environmental considerations seem to
rank behind economic or political motivations of electrification efforts. One example has been in San
Lorenzo (a town in the province of Esmeraldas, in the northern Ecuadorian coastal lowlands), where
the grid extension was only possible by clearing part of the mangrove forest. The alternative would
have been a minigrid, but as stated by an NPO manager, “...because on Saturday I [the president
during his TV-aired weekly “report of activities”’] say ‘they will put it [the grid] in this part [in San
Lorenzo].” So everybody [the public agencies] ran and in two months they cleared the mangrove
forest and put the things.”

Even in those cases within which off-grid solutions have been adopted, potential negative
environmental impacts have not been taken into account. In the particular case of stand-alone PV
systems, the major issue is the battery disposal. Although some EDCs collect the batteries after
replacement, there is no regulation on what to do with the old batteries. According to a senior official
of the MEER, “the whole amount of batteries is extremely heavy. So it sums up. So, the battery is
sometimes buried, or they are really taken out to be processed here in the urban regions. There are
companies that take care of that, but the costs are not yet made transparent. So, we are still in the
discussions.” Although, in the main cities of the country there are companies that buy the old batteries
and thus in theory facilitate a cleaner disposal, it is not clear what is currently occurring with the
batteries of stand-alone PV systems after replacement.
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4.4 Socio-cultural Sustainability
Accessibility (disparity/equity)

Based on the interviews, we found especially the middle and upper class in Ecuador to have a notion
of social justice concerning distribution of economic resources (which includes the access to
electricity). This may partially explain the notable achievements in rural electrification of the country
as compared to its Latin-American neighbors. The rural electrification rate in Ecuador reached 89,03%
in 2010 [6,7] and the 2008 constitution states that electricity is a basic right.

Despite the apparent consensus regarding the accessibility (access to electricity) for everybody,
different redistribution approaches coexist in the country. These approaches are relevant when
deciding who is provided with electricity, and the amount of energy to be provided to each person.
The most recent approach adopted by the current administration is nowadays promoting PV-powered
microgrids of up to 10 MWp for remote areas, rather than the stand-alone solutions. A microgrid can
have a positive socio-economic impact in terms of productivity by delivering significantly more
energy per inhabitant than stand-alone solutions.

However, several interviewees criticized this microgrid policy because it leads to a disparity of
resources, which may be unfair. According to a representative of a private company, the microgrid is
“...a project which they have and want to take out quickly, because it is a good image for them,
because it is a big system and it will look very nicely on the picture [...]. We are providing the solution
to 20 families, and that’s fine, but what happens to the rest?” Regardless of the motivation of the
MEER, the issue is that microgrids are significantly more expensive, such that few communities
receive a complete solution, while others have to wait until new funds are available.

These critics favor policies based on the principle of equity that claims that all citizens should be
secured a minimum standard. Hence, the EDCs should provide a minimum level of energy for
everybody (including rural areas). Although it is not clear what this minimum would be, the
interviewees have some suggestions. For example, according to a representative of a private company,
“they [the government] should put a real goal, and say ‘I can eliminate the darkness’, right? I won'’t
give them a TV, nor a fridge [...] But I do take them out of the darkness, I will give them light. And
that could be done. They could do so very rapidly. In six years we could leave the country completely
free from matches.”

Social Acceptance and Accuracy

Social acceptance requires a participatory and inclusive approach in which the local community is
engaged. Efforts to promote social acceptance are necessary, because often political differences
between indigenous leaders and the government have led to the rejection of electrification programs in
Ecuador [88]. Although social acceptance of electricity appears to be still an issue in remote areas of
the country, some EDCs have addressed the topic. For example, CentroSur has carried out significant
efforts aimed at getting its consumers involved in the Amazon basin (often small and isolates
communities). The RE Unit of this EDC reaches the community and gets them involved by creating an
Electrification Committee (formed by the heads of each beneficiary household) and a Steering
Committee (formed by member of the community that act as the local representative of the EDC).
Another elected local official is in charge of collecting the monthly payments and presents the
monthly reports and accounting to the EDC. This engagement strategy is actually aimed at gaining the
social acceptance of the technology, and at least in the case of CentroSur, has proven to be
appropriate. Indeed, this engagement strategy may explain the success of CentroSur; according to
Urdiales [88], more the 95% of the stand-alone systems installed by this EDC are still operating.

Although they argue that it was determined according to the consumption habits of the local
population, CentroSur provides to its consumers in the Amazon basin stand-alone PV systems of 150
Watts peak (Wp). The lack of accuracy (the capability of meeting local consumer demand) of this flat
solution has been criticized since it was not defined according to gender-specific or community-
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specific requirements [95]. The same type of criticism applies for the microgrids promoted by MEER
since, for example, in Esmeraldas, Leid [62] reported that they were oversized for the electricity
consumption of the area. The sophistication of microgrids may also be inaccurate for rural population
if the system is expected to be locally managed [62].

Cultural Justice

The 2008 Constitution in Ecuador as well as the PNBV emphasize that Ecuador is a Plurinational and
Intercultural State, with all ethnic groups having rights. Yet, the culture of small indigenous
communities is often not considered in the execution of public policies. Referring to the situation of
small isolated indigenous communities in the Amazon basin, a representative of a NPO provided an
example: “they [government] are building them [indigenous] a house of 40 meters, of 50 meters, with
bricks, with cement, with these, and stairs. [But] they don’t live with stairs [...] they start to close
down the lower part, because they don’t want to live downstairs. Or they put the animals downstairs.”

The microgrid policy from MEER has also been mentioned as an example of the disengagement
between public policies and culture of indigenous communities. For instance, although in the Amazon
basin an EDC discarded microgrids for semi-nomad indigenous communities, this technology was
ultimately imposed by the MEER. According to a NPO representative, “the argument of the MEER is
that [...] you couldn’t say that you don’t like pizza, if you haven’t been given pizza. So I will give you
pizza, and let’s see if you like it.” ”

The major issue is not necessary the lack of awareness of the cultural particularities of small
indigenous communities, but the lack of respect for them. According to a representative of a NPO,
“[s]o I told them [the MEER] ‘this [nomadism] is part of their culture as an identification term of
their behavior.” So they said ‘change their culture’.”

5. Discussion

Institutional sustainability requires durable and strengthened formal institutions. We found that
disruptive changes have affected the electrification policies in Ecuador during decades avoiding the
development of strengthened institutions. New ministries, regulators, and EDCs have been created and
later disappeared, often after changes in the central government administration. This lack of stability
or durability in formal institutions has in turn prevented further efforts on enforcing regulations,
ensuring the coherence of the legal frame and setting better standards. The absence of strengthened
and sustainable formal institutions is a major drawback in Ecuador that, by inhibiting law
enforcement, also compromises the environmental and socio-cultural sustainability of rural
electrification efforts, particularly in the Ecuadorian Amazon.

Despite the frequent changes in policies and in the institutional framework, we found that in Ecuador
there is an apparent consensus on granting access to energy for all. This partially explains the steady
national efforts aimed at funding rural electrification. Favored by its size, the notable achievements of
the country regarding electrification have been based on the extension of the grid. Since 1998, efforts
targeting small indigenous communities in the Ecuadorian Amazon basin also included off-grid PV
systems. Although this type of solution may be particularly suitable for semi-nomad indigenous
communities in the Amazon Basin (that hosts the greatest biodiversity on Earth), we found that
environmental and socio-cultural aspects appear to have a minor role in explaining the choice for RE
solutions. Indeed, rural electrification policies in Ecuador continue to favor the grid expansion. Off-
grid solutions have been adopted only in areas within which the grid expansion is too costly. Although
throughout different administrations, Ecuadorian officials declared to favor off-grid PV systems for
rural populations, they have consistently avoided allocating funds aimed at the O&M of the systems
compromising the sustainability of the systems. Granting funds specifically to O&M is required for
ensuring the economic sustainability of off-grid PV solutions in Ecuador.

Environmental sustainability entails the prevention of negative environmental impacts. Although
Ecuador was one of the first Latin-American countries in creating a Ministry of Environment (in
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1996), the environmental regulation are usually not complied in practice, which may be a consequence
of the lack of strengthened and sustainable institutions, but also of the absence of widespread
environmental awareness of civil society. We found that environmental impact seems to rank behind
the economic and political motivation in Ecuador, such that environmental issues seem to still play a
minor role in the policymaking. Even in those cases within which stand-alone PV systems have been
adopted, potential negative environmental impacts (for example, the battery disposal) are not taken
into account. Improvements regarding the impact assessment, but also in environmental awareness and
understanding, are required for ensuring the environmental sustainability of rural electrification
efforts.

The whole legal framework emphasizes that Ecuador is a Plurinational and Intercultural State, with all
ethnic groups having full rights. Yet, the culture and opinion of small indigenous communities are
often not considered in public policies. The proposal aimed at providing energy to semi-nomad
indigenous communities in the Amazon deploying microgrids is a clear example. Although their rights
are explicitly recognized by the constitution, once again, the lack of strengthened and sustainable
formal institutions frustrates the enforcement of rights, laws, and regulations. The lack of inclusive
approaches in the policy making also indicates that, despite the awareness of their cultural
particularities, there is not a widespread respect for small indigenous communities in the country.
Progress regarding social acceptance, accuracy, and cultural justice is urgently needed for ensuring the
socio-cultural sustainability of rural electrification efforts in the Ecuadorian Amazon.

6. Conclusions and Recommendations

In this paper, we assess the sustainability of rural electrification programs in Ecuador, paying special
attention to programs targeting small indigenous communities in the Amazon basin. Our assessment
was based on a set of indicators (Table 1) corresponding to the four dimensions of sustainability
considered in this paper: institutional, economic, environmental, and socio-cultural.

Disruptive changes in electrification policies in Ecuador are too frequent. This lack of stability in the
institutional framework needs to be addressed if the country aims to build up strengthened and
sustainable formal institutions. Since these frequent disruptive changes have often occurred after
political changes, it is advisable for the central administration to promote a broader political
compromise aimed at building up strengthened and sustainable formal institutions.

Furthermore, the enforcement of the constitutional rights regarding energy is still weak in Ecuador and
the coherence of the legal frame regarding rural electrification is currently feeble. Since the off-grid
sector remains mostly unregulated, the MEER should consider reviewing the current legal frame
(including regulations and standards), paying particular attention to the consistency with the
constitutional rights. Moreover, ARCONEL should set technical and service standards that are binding
for all EDCs. Sponsored by ARCONEL, it is advisable for the EDCs to also define billing models,
which may differ from one community to the other.

Ecuador exhibits an incomplete decentralization, since decision-making rests on the central
government, not only regarding policies, but also concerning specific solutions (minigrids, stand-alone
systems, etc.). Therefore, ARCONEL should study the possibility of granting the faculties to the
existing RE Units to decide on specific solution among the possible alternatives (minigrids, stand-
alone systems, etc.) and the power capacity of the systems. Granting these faculties to RE Units
(which are normally in closer contact with the communities) will also address the likely loss of
adaptability (i.e. the ability to meet the changing needs) expected as a consequence of the ongoing
administrative recentralization process (all EDCs are merging on a single EDC). In order to address
the alleged weak openness to participation of locally elected authorities or community representatives,
it is advisable for ARCONEL to enforce a consulting mechanism between the existing RE Units,
locally elected authorities, and native community representatives.

Although off-grid RE systems appear to be a cost-effective solution in rural areas of Ecuador, few
EDCs have conducted detailed cost analyses of off-grid solutions. Therefore, sponsored by
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ARCONEL, the EDCs ought to carry out such detailed cost analyses for installation cost (per Wp) of
off-grid RE solutions, the cost of O&M, recycling and proper disposal, as well as the spending
capacity of the inhabitants of remote areas. These analyses are also useful for defining billing models.

Moreover, the FERUM funds the initial investment, but its annual budget depends on political
priorities. O&M costs are covered neither by users, nor the existing funding mechanism (i.e. FERUM).
Currently, these costs are borne by EDCs, which makes them reluctant to deploy off-grid RE systems.
Thus, it is recommendable for the central administration to restore the prior model based on cross
subsidies (from users connected to the grid). A scheme based on cross subsidies would also address
the uncertainty related to the funds allocated to the FERUM, whose annual budget would no longer
depend on political priorities. The MEER should thereby ensure that this cross subsidy will cover
O&M costs of off-grid systems used to power low-income inhabitants of rural communities.

Several NPOs have installed PV-powered prototypes of productive systems (e.g. handcraft, corn
dryers, solar boats, milk collection centers). A government-sponsored program including microgrids
(for households, schools, and health centers) has also been initiated recently, aiming to contribute to
the income of users. However, no program exists for complementary infrastructure (training and
education, telecommunication, and transport). The MEER should therefore consider strengthening
transdisciplinary relations with other sectors, as well as identifying and replicating successful pilot
projects (in collaboration with NPOs).

Environmental protection is anchored in the Ecuadorian constitution, but rules are often not complied
in practice, which may indicate that environmental awareness is not widespread. In this regard, the
MEER and the EDCs ought to include environmental experts in the design and implementation of
programs in sensitive zones such as the Amazon. Moreover, environmental impacts (positive or
negative) are currently not included in the evaluation of small-scale electrification projects. Therefore,
the MEER and ARCONEL may want to consider including environmental impacts (positive or
negative) in the evaluation of small-scale electrification projects. In case of off-grid PV projects, it is
also recommendable for the RE Units to ensure recycling and proper disposal of PV modules and
batteries after the end of their service life. ARCONEL should therefore explicitly regulate the battery
disposal.

In Ecuador there is consensus regarding accessibility to electricity for everybody, but disagreements
persist on who is provided with electricity first, and the amount of energy to be provided to each
person. Recent programs based on microgrids provide sufficient power to households, but will favor a
limited number of people leaving thousands waiting for solutions. In this context, the MEER may
want to consider promoting a policy aimed at getting rid of dangerous energy sources like
matches/candles by granting access to electricity with a minimum capacity to all citizens first. In this
regard, pre-electrification via pico solar PV systems could be an option.

Also, few EDCs, through their RE Units, apply a participatory and inclusive approach aimed at
gaining social acceptance of the technology. Following the example of the successful program applied
by CentroSur, it is advisable for ARCONEL to enforce a participatory and inclusive approach,
particularly important in the case of indigenous communities.

As far as the EDCs are concerned, they apply one-size PV solutions that do not necessarily fit all
needs and that have not been determined based on gender-specific and community specific
requirements. In order to improve the accuracy of their solutions, they should take gender-and
community- specific requirements in their project designs into account.

In general terms, cultural justice criteria and the opinion of small indigenous communities are not
considered in public policies (e.g. microgrids for semi-nomad indigenous communities in the
Amazon). In this regard, the MEER may want to consider including sociologists or social experts in
the design of programs for indigenous communities.
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Even if not comprehensive or sufficient, these recommendations may be the first step in further
improving the sustainability of rural electrification programs in Ecuador. As the qualitative approach
can do justice to the complexity of such energy policies in the national context, additional qualitative
approaches to evaluate the sustainability of off-grid PV systems in different countries would be
insightful; these studies could then be used for an intercomparison between countries.
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NCRE: Non-conventional renewable energy
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O&M: Operation and maintenance

PNBV: National Plan for Good Living

PV: Photovoltaic

RE: Renewable Energy

SENPLADES: National Planning and Development Secretary
UN: United Nations

UNDP: United Nations Development Program

Wp: Watts peak
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5.3 Paper 4: Sustainability of Rural Electrification Programs based on off-grid
Photovoltaic Systems in Peru

In this paper, I assess the sustainability of rural electrification efforts in Peru based on off-grid PV
solutions, paying special attention to the ongoing deployment of 150,000 off-grid PV systems in
remote areas. Following the theoretical framework described in Chapter 2, my assessment considers
four dimensions of sustainability (institutional, economic, environmental, and socio-cultural), while
according to the methodology described in Chapter 3, my findings are based on an exhaustive
qualitative document analysis, complemented by semi-structured expert interviews.

The article shows that the rivalry between two rural electrification agencies with overlapping
competences and constant staff rotations made Peru’s’ institutions instable, and impeded that the rural
electrification strategy could be followed through, while a weak supervision has negatively affected
the reliability of the systems. On the positive side, a cross subsidy mechanism has assured the
affordability of the systems as well as the covery of O&M costs. Notably, I found that Peruvian
officials appear to be unaware of the importance of local participation, and there is a significant
mistrust between the government and the rural population (especially in areas where mining is
extensive). As a consequence, the lacking participation and engagement of the community has not
only significantly impaired seizing opportunities regarding productive uses of off-grid PV systems, but
it has also frequently caused payment defaults and ultimately accounted for project failures.
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Abstract: We assess the sustainability of rural electrification programs in Peru based on off-grid
photovoltaic (PV) solutions, paying special attention to the ongoing deployment of 150,000 off-grid
PV systems in remote areas. Our assessment considers four dimensions of sustainability (institutional,
economic, environmental, and socio-cultural) and is based on an exhaustive qualitative document
analysis complemented by semi-structured expert interviews. We found that staff rotation and
overlapping competences have caused disturbing changes and inhibited following a strategic line,
while weak controls have often affected the reliability of the deployed systems. Although cross
subsidies have made off-grid PV systems affordable for users, systems often fell short of energy
demand. We also found that most of the projects are still being designed without the participation and
engagement of the communities, which has frequently led to project failures, payment defaults, and
inhibited seizing opportunities regarding productive uses of off-grid PV systems.
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1. Introduction

Although Peru has managed to considerably increase its rural electrification rate from 8% in 1993 to
29.5% in 2007 and 78% in 2015 (MEM, 2015), it is still among the countries in Latin America with a
low rural electrification rate. Though this increase was primarily due to grid expansions, the
government has recently prioritized the deployment of off-grid photovoltaic (PV) systems, especially
in the remote areas where the grid expansion is unviable. Communities of these areas are characterized
by low energy demand, low income, high dispersion, and difficult accessibility (MEM, 2011).

In this paper, we critically analyse the current status and challenges of rural electrification programs
(based on off-grid PV systems) in Peru. We aim to better understand drivers of success and highlight
flaws that have compromised the sustainability of these efforts. Paying special attention to the ongoing
deployment of 150,000 off-grid PV systems, we addressed the following research question: Are the
Peruvian rural electrification programs based on off-grid PV systems sustainable?

In order to answer our research question, we conducted an exhaustive qualitative document analysis
complemented by semi-structured expert interviews. This approach has been broadly used for the
assessment of sustainability (see for example, Bernhardt, 2015; Heinrichs and Laws, 2014; Nguyen-
Trinh and Ha-Duong, 2015; Hugé et al., 2015; Feron et al., 2016). The interviewees included experts
from different ministries, project managers from leading Non-Governmental Organizations (NGOs),
public and private companies’ representatives, supervisors, and researchers. Although below we
describe several relevant PV-based electrification efforts in Peru, our research was aimed at gathering
an overall picture of the rural electrification efforts in the country, rather than measuring the success or
failure of a specific project.

The gathered information allowed us to assess the sustainability of rural electrification efforts in Peru.
Our assessment was based on a set of indicators (adopted from Feron et al., 2016) corresponding to the
four dimensions of sustainability considered in this paper: institutional, economical, environmental,
and socio-cultural. Additional methodological details are provided below.
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2. Theoretical Framework

Institutional sustainability has been acknowledged as an important factor for the sustainability of rural
electrification initiatives (see e.g. llskog, 2008; Derakhshan, 2011). For institutions to be sustainable,
they need to be stable and durable (e.g. Sharma and Balachandra, 2015; Wimmler et al., 2015; Reddy,
2015). In that context, Gollwitzer (2014) highlights the importance of the organizational set-up, which
includes adopting and enforcing norms and regulations. Authors further agree that for an effective
sustainable energy development, the openness to participation of all stakeholders is imperative (Frame
et al., 2011; Retnanestri et al., 2007; Holland et al., 2006). The participation is important for
decentralization, which makes sense not only because of numerous technical advantages of
decentralized renewable energy (RE) solutions (Sims et al., 2007:288; Fischedick, Borbonus and
Scheck, 2011), but also because it favours the adaptability of the institutions. Indeed, sustainable
institutions must have the ability to adapt to the needs of the country over time (e.g. Brent and Rogers,
20009; liskog, 2008; Retnanestri et al.; Wimmler et al., 2015).

Economic sustainability of electrification solutions requires ensuring the affordability of the systems
(Mainali et al., 2014; Brent and Rogers, 2009), which implies adopting cost-effective solutions and
procuring funding for both the initial investment and the operation and maintenance (O&M) of the
systems (Mainali, 2014; Dincer and Acara, 2015; Wimmler et al.,2015; Dunmade, 2002). Access to
electricity is also expected to contribute to an increase in household income of users (Cook, 2011;
Khandker, Barnes, and Samad, 2013). However, contributing to the income of users also requires
ensuring the reliability of the energy systems (Garniati et al., 2014). Dunmade (2002) and Chaurey and
Kandpal (2010) therefore stress the importance of local availability of spare parts for adequate
maintenance and a reduction of its downtime.

The lack of awareness and citizen participation in environmental decision-making may thwart the
progress towards environmental sustainability (Stringer and Paavola, 2013). Awareness should hence
be assessed in evaluations of energy choices; for instance, it has been found that RE could contribute
to greater environmental awareness of citizens in remote areas, and even motivate them to participate
in environmental initiatives of other fields (Rickerson et al., 2012). Yet, not only the awareness of
environmental concerns is appraised in environmental sustainability, but also the prevention of
negative environmental impacts (e.g. Wimmler et al., 2015; Mainali et al., 2014; Retnanestri et. al.,
2007); these impacts may be of global or of local nature (Mainali et al., 2014; Ilskog, 2008). Besides
the mitigation of greenhouse gases, environmental impacts also concern the conservation of a stable
resource base, the safeguard of biodiversity, the prevention of deforestation, avoidance of noise, and
waste management (Retnanestri et. al., 2007; Vera et al., 2005; Dunmade, 2002). For off-grid PV
systems and particularly their batteries, this implies that the waste disposal requires a proper treatment,
as the impact evaluation must consider the whole lifecycle of a technology (Polack, 2010; Rosen,
2009).

Socio-cultural sustainability is closely related to the notion of social justice, as access to modern
energy can contribute to better living conditions due to a healthier environment, access to information
(e.g. radio or TV), higher security (through public lightning), and better education (e.g. Wimmler et
al., 2015; Reddy, 2015; Mainali et al., 2014; Ilskog, 2008). The equity in the amount of energy
consumption per capita as well as the disparity of energy use between different groups of people (e.g.
according to gender, ethnical background, etc.) determines the accessibility (Mainali et al., 2014;
Derakhshan, 2011; Sharma and Balachandra, 2015; Bhattacharyya, 2012). Moreover, an energy
solution can be considered to be sustainable if it is accepted by the society, which will depend on
multiples factors, including the consideration of culture and traditions in the energy planning
(Dunmade, 2007; Ribeiro et al., 2011); the participation of the local community (Retnanestri et al.,
2007; Derakhshan, 2011; Lihtinen et al., 2014); and the exchange of information aimed at learning
experiences and knowledge-sharing (Fenner et al., 2006).

Based on this theoretical framework, we have built up a set of indicators (see Table 1; see also Feron
et al. (2016)) clustered into the four dimensions (institutional, economic, environmental, and socio-
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cultural) of sustainability considered in this paper. These indicators were used to qualitatively evaluate
to what extend Peru’s rural electrification efforts based on off-grid PV systems are sustainable.

Table 1: Indicators of sustainability used in this study (adapted from Feron et al., 2016).

Institutional Economic Environmental Social /Cultural
Stability (Durability) Cost effectiveness Environmental Accessibility (disparity,
awareness equity)
Regulation and Reliability
Standards Environmental Social Acceptance
Funding (initial impact
Decentralization and  investment; operation and Accuracy
Openness to maintenance)
participation Culural Justice
Contribution to income of
Adaptability (ability users
to meet future needs)

3. Methodology

In order to assess the sustainability of off-grid PV projects in Peruvian rural areas, we conducted a
qualitative document analysis (Ritchie et al., 2013) complemented with semi-structured interviews
(Bernhardt, 2015).

The document analysis enabled us to gather important insights on electrification programs and cases,
regulations, policies, and statistical data on rural electrification in Peru. It included public
documentations such as the National Plan of Rural Electrification (PNER by its Spanish acronyms);
electrification laws and regulations; energy—pricing models; statistic databases; publications on
experiences from Peruvian electrification projects (case studies); project auditing; and scientific papers
on related topics. This qualitative document analysis helped us identifying and selecting experts for
the semi-structured interviews.

The interviews allowed us to understand and to unearth issues that could not be unveiled by the
document analysis; expert interviews have indeed been broadly used for the assessment of
sustainability (see, for example, Bernhardt, 2015; Heinrichs and Laws, 2014; Nguyen-Trinh and Ha-
Duong, 2015; Hugé et al., 2015; Feron et al., 2016). The interviewees were of higher hierarchical
positions (directors, project managers, leading researchers, and division leaders; see Table 2), as we
were interested in the overall institutional and organizational conditions.

According to the four dimensions of sustainability, coding schemes were defined for the gathered
information using MAXQDA® software (MAXQDA, NA) (see Hall and Rist, 1999).

Table 2: Interview Partners

Area Sub-Area Division (if applicable)

Direction of Grant Funds

Government . L (DFC)
Institutions Energy Ministry of Energy - General Direction of

Rural Electrification (MEM-DGER)
Sector

Project Management
Direction (DPR)
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Tariffs, Regulation and

Supervisory Organization for Investment Tenders
in Energy and Mining (OSINERGMIN) Generation OF-Grid
System

High ranking administrative

Consultant officer and consultant
Gf)vernment Ministry of Development and Social Technical Project
Institutions Non- . L
Inclusion (MIDIS) Coordination
Energy Sector
Sociologist
Academics & - N Technological Trans1t1-0n
. Universities and Renewable Energies
Research Institutes
(RE)
RE Research Centre
ACCIONA Microenergia
ACCIONA Perti (AMP)
NGOs
Soluciones Practicas Renewable Energy (RE)
Department
. o . . . Renewable Energy (RE)
Foreign Institutions International Cooperation Agency (ICA) Department

Electrical Infrastructure
Administration Enterprise
(ADINELSA)

Public Companies Electronoroeste (ENOSA)

Electro Oriente S.A.

Energy Companies (ELOR)

Servicios Especializados y
Logistica En General
(SELEGSA)
Private Companies

Green Energy

Ergon S.A.

Source: Own elaboration.

4. Peru

4.1 General Background

Peru’s total population counted about 31 million in 2015 (INEI, 2015), of which the rural population

represented 21% in 2014, though its share is declining (e.g., in 1990, it still accounted for 31%)
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(Worldbank, NA). Moreover, although total poverty has dropped from 58.7% in 2004 to 23.9% in
2013, rural poverty (48%) remained significantly higher than urban poverty (16%) (INEIL, NA).

Peru reformed its Constitution (law N° 27680) in 2002 to foster decentralization. The administrative
division in Peru now comprises 24 departments that are governed by 26 regional governments; these
departments consist of 196 provinces and 1,854 districts (INEI, 2015; IDEA, 2008). In addition to
restructuring its administrative division in 2002, the decentralization also entailed budget allocation to
regional and local governments. However, budget allocation has neither come along with capacity
building nor with the establishment of control and evaluation mechanism (Damonte, Fuller and
Valcarcel, 2009). Furthermore, national and regional goals lacked any form of coordination (e.g.
Damonte, Fuller and Valcarcel, 2009; Contraloria General de la Republica, 2014).

This has led to poor results in decentralization, such that the country is recently showing trends of
recentralization: e.g. whereas the annual budget of the central government accounted for 67% of the
total budget in 2013 (16% regional, 17% local government), it increased to 75% in 2016 at the
expense of the regional/local government budget (14% regional, 11% local) (MEF, NA).

4.2 The Peruvian Energy Sector

The Ministry of Energy and Mining (MEM by its Spanish acronyms) was founded in 1968 (Decree
No. 17271; substituted by Decree 25962 in 1992). In 1972, the government passed the Normative
Electricity Law (Decree Law No. 19521), which induced the nationalization of the electricity
companies. It was exerted by the company ELECTROPERU, which was created the same year for that
purpose. Ten years later (1982), the General Electricity Law was enacted, stipulating that energy
distribution was passed on from ELECTROPERU to regional companies, while ELECTROPERU was
converted to a public-private company (Torero and Pasco-Font, 2001a).

In 1992, the enactment of the Electric Concession Law (No. 25844) privatized the electricity market
(including parts of ELECTROPERU). The role of the state focused on the regulation of the sector.
Privatization was not fully accomplished, as only 14 companies were privatized between 1994 and
1997 (Torero and Pasco Font, 2001b). As revealed by Torero and Pasco Font (2001b), privatization
led to an increase in the electrification tariff of 6 cents/kWh in 1996 to 10 cents/kWh in 1998, but the
electrification rate did not progress as expected in urban areas (Ruiz-Caro, 2002). Electrification rate
in rural areas by contrast did increase due to higher investments in rural electrification, which
remained in public hands and was therefore conducted by the MEM with public funds (Ruiz-Caro,
2002).

In the context of privatization in the 90s, and in order to regulate the electricity, hydrocarbon and
mining industries, the Organization for Investment in Energy and Mining was founded in 1996 with
the name of OSINER (since 2007, the name changed to OSINERGMIN). In addition to its role as a
supervisor, OSINERGMIN also sets electricity tariffs based on the policies defined by the MEM
(OSINERGMIN, NA).

There are currently 43 electricity generation, 9 transmission, and 23 distribution companies operating
in Peru, which can be both public or private (MEM, NA). The electricity distribution companies
(EDCs) are usually operating in small areas around urban centres; they have the obligation of
providing electricity to clients that claim for energy and that are located within 100 meters of the
EDC’s existing network (MEM, 2014).

4.3 Rural electrification

As in 1993 the rural electrification rate was about 8% (see Figure 1) and the private sector was not
interested in electrifying remote areas, the MEM established a new division called Executive Project
Management (DEP by its Spanish acronyms; Decree No. 021-93) to promote rural energy projects
with special funds. Moreover, one year later, a new public EDC (‘Electrical Infrastructure
Administration Enterprise’ (ADINELSA by its Spanish acronyms)) was founded to deal and manage
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rural electrification projects from local institutions (e.g. from municipalities). ADINELSAs’ clients are
located outside the operation areas of others EDCs.

In 2007, the DEP was merged with a project for rural electrification improvement, and renamed as
General Direction of Rural Electrification (DGER by its Spanish acronyms). Later that year, the
Direction of Grant Funds (DFC by its Spanish acronyms) and the Project Management Direction (DPR
by its Spanish acronyms) were created to operate under the DGER (MEM, 2015). While the DFC has
been in charge of conducting electrification projects supported and funded by international
organizations (e.g. Worldbank), the DPR acts by using national funds.

Figure 1: Electrification rate in Peru

40 60 80 100
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Source: Own elaboration, based on data from Ministerio de Energia y Minas (2015)

Rural electrification is regulated under the Law of Rural Electrification (Law 28749) enacted in 2006.
It stipulates that the state is in charge of planning the rural electrification by means of the DGER.
Owing to the alleged financial unattractiveness of this sector, the law allocates state subsidies to rural
electrification (Congreso de la Republica, 2006). The law further specifies that the DGER is
responsible for elaborating the PNER, an annually published strategy paper on rural electrification
with a time horizon of 10 years.

In the case of centralized projects aimed at rural electrification based on off-grid solutions (i.e. stand
alone PV systems), although the regional or local governments request the electrification, the projects
need approval from the MEM and from the Ministry of Economics and Finance (MEF by its Spanish
acronyms). Projects are registered in a database, the National System of Public Investment (SNIP by
its Spanish acronyms) to avoid project duplications (MEF, NAb). If approval is given from both the
MEM and the MEF, the EDC (or ADINELSA) of the region where the project is located will issue a
request for tenders. The private company that wins the tender conducts the installation of the off-grid
systems, but the EDC (or ADINELSA) will be in charge of O&M (MEM and Banco Mundial, 2005;
MEM, 2015).

Regional and local governments can also promote rural electrification projects with off-grid solutions,

either in collaboration with the MEM, or on their own account (and financed from own resources); in
the latter case, the approval from MEF/MEM is not necessary. When these energy systems become
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operative, the local/regional governments may lease or transfer the assets to the EDC of the region
(Defensoria del Pueblo, 2010).

Among the rural electrification initiatives based on off-grid solutions, several projects are deploying
stand-alone PV systems. Some of them are worth to mention. Between 2006 and 2013, the DFC
conducted the Rural Electrification Improvement Project I (FONER I by its Spanish acronyms) in
collaboration with the Worldbank that triggered rural electrification initiatives based on PV (MEM,
2012). The DFC is currently running a follow-up project (FONER II), which will deploy a total of
11,000 off-grid PV systems (MEM, 2012).

Moreover, OSINERGMIN conducted a request for tenders (commissioned by the MEM) in 2014 to
install between 150,000 and 500,000 stand-alone PV systems all around the country in the so-called
‘massive program’. The contract was signed with the MEM/DPR in a public-private partnership; the
installation started in August 2015 and completion was planned for mid 2016 (MEM, 2015). The
contract stipulates that the private company that won the tender, Ergon S.A., is in charge of the
identification of potential users (by a survey), the installation, and the O&M of the systems for 15
years; the administration (e.g. tariff collection) on the other hand will be carried out by the EDCs of
the covered regions (OSINERGMIN, 2014).

Table 3 provides an overview of the rural electrification programs in Peru that have been analysed in
this paper. The list includes public project as well as projects sponsored by NGOs.

Table 3: Rural Electrification Programs based on off-grid PV systems considered in this paper

RE Programs
renton G st Non G
Rural Electrification AN Program P Organizations (NGOs)
Improvement Project Electrification
(FONERI & 1) (DGER)
Reports for ex-  Jané La Torre and Jané La Torre and NA Jané La Torre Canessa et al., 2014; Jané
post Palacios, 2015; van Palacios, 2015; and Palacios, La Torre and Palacios,
evaluations den Akker, 2008; JICA, 2008; 2011; Jané La 2015, Fernandez, 2015;
UNDP/GEF, 2006 Torre and Verastegui Gubler el al.,
Palacios, 2015 NA; Prialé Ugas, 2012;
Horn ,2003; Egido et al.,
2004; Arraiz and Calero,
2015; Magill and Valdes,
NA
Program Direction of Grant Project Ministry of Municipalities ACCIONA Microenergia
sponsored by Funds (DFC) Management Energy Peru (AMP); German
and,Worldbank Direction (DPR) (DGER) Society for International
Cooperation (GIZ);
Soluciones Practicas
Universities
Eurosolar
Location Nationwide Nationwide, among Nationwide Nationwide, Cajamarca. Puno, San
others: Cajamarca, (divided into among others: Martin, Amazon, Cusco
Ucayali, Loreto, northern, Loreto, Puno,
Junin,Cusco, Pasco, central, and Cajama_rca, Lambayeque, Piura,
Ayachucho southern Peru).  Ucayali, Ayacucho, Huancavelica:
Amazonas, Ica, Junin, Tacna
Piura, Pasco,
Madre De Dios
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Energy use Residential rural Residential rural Residential Residential Residential rural

electrification; electrification rural rural electrification (Solar Home
electrification of electrification; electrification Systems (SHS) and Solar
schools/health electrification Pico Systems (SPS);
centres/social of schools, Schools and Churches,
buildings health centres Health Centres,
and social Community Centres
buildings
Capacity/ FONERI: 60 Wp PER/96/028: 50Wp  120Wp 50Wp Renewable Energy Center
(CER-UNI): 45-50 Wp
Sizing FONERIIL: 60Wp, PER/98/G31: 35-
80Wp were proposed 51Wp AMP: 60-80Wp

for future installations

Eurosolar: 1400Wp
(hybrid solar-wind

systems)
Year of FONER I: 2006-2011 Since 1996 Since 2015 Various, e.g.: CER-UNI: 1986 — 1987,
installations 1995/1996, 1999
FONER II: Since 2012 Regional
Government of AMP: Since 2009
Tacna: 2007 —
2008 Eurosolar: 2011
Regional Soluciones Practicas:

Government of 2006/07
Cajamarca and
Loreto: 2011

Number of FONER I: 9,115 PER/96/028: 150,000- Estimation of CER-UNI: 100, 451, 781
installations/ho 500,000 total users: (different projects)
useholds FONER 1I: 20,000 1,523 6197

electrified AMP: ~3,900

PER/98/G31: 4,200
Eurosolar: 130
communities (902 panels)

Sources: Own elaboration based on MEM (2016); AMP(NA); Horn (2003); Jané La Torre and
Palacios (2015 & 2011); FISE (2016); UNDP/GEF (2006)

5. Results
5.1 Institutional Sustainability
Stability (durability)

Although the PNER includes a long-term perspective on rural electrification aiming to assure planning
security to the electrification policy, reality has diverged from this objective. Abrupt political changes
in the energy sector have inhibited following a clear and strategic policy line. According to a
representative of OSINERGMIN, these political changes have been an issue for Non-Conventional RE
(NCRE) policies as the RE quota has been fixed depending on who is in the government, thus leading
to high uncertainty. Moreover, the staff rotation in the MEM caused by political changes has led to a
loss of know-how.

Furthermore, mistrust towards formal institutions is widespread in Peru. The red tape in the public
sector was an often-named problem, which has led to animosity towards the governments and the
public institution in general. The lack of trust in the government may have also contributed to
widespread outsourcing. In rural electrification the installation of off-grid PV systems and their O&M
is outsourced; the regulatory agency (OSINERGMIN) has even outsourced the supervision of these
outsourced activities.
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Regulation and Standards

Technical standards for off-grid PV systems in Peru are not up to date (e.g. technology for light bulbs
has improved considerably in the meantime) (MEM, NAb). Additionally, the quality of the mostly
imported components of off-grid PV systems is not controlled, which has resulted e.g. in premature
battery failures. Due to the lack of quality standards, rural electrification projects (particularly those
implemented by local governments) are compromised by the use of very poor qualitative parts.

OSINERGMIN’s supervision of the EDCs has indeed been weak regarding off-grid PV systems for
rural electrification. In fact, up to now only two punctual revisions were conducted by OSINERGMIN
in 2011 and 2013, where a total of 1,110 off-grid PV systems from different public and private
projects were inspected. Out of these 1,110 revised systems, 34% were found inoperative (Jané La
Torre and Palacios, 2015). Part of the problem is that in Peru regulations are not clear regarding what
actions to take and who is hold responsible if the systems are not operative.

Some interviewees have also described the lack of technical standards as a problem affecting the
“massive program”. A representative of OSINERGMIN admitted that many technical details were not
included in the request for tenders of the “massive program”. As a consequence, disagreements
between the MEM and Ergon concerning the technical standards of the systems delayed their
implementation in 2015.

Decentralization and Openness to participation

Article 3 of the law of Rural Electrification specifies that the MEM shall develop projects for rural
electrification in collaboration with regional and local governments. Yet, the MEM is centrally
designing the projects, without the participation of those who are closest to the community (i.e. the
EDCs). Moreover, the role of the rural communities is limited and they are not involved at all in the
design and implementation of projects.

Decentralization (understood as redistribution of the funds to elected local governments) has allowed
local or regional governments to implement electrification projects by themselves. However, as
mentioned above, these projects have been rarely successful. Indeed, though the number may not be
representative, the two supervisions conducted by OSINERGMIN (2011/2013) found that only one
out of 29 supervised PV systems implemented by municipalities was operative (Jané La Torre and
Palacios, 2015). A representative of the Ministry of Development and Social Inclusion (MIDIS by its
Spanish acronyms) explained these flaws by the fact that although funds were remitted from the
national to local and regional governments, they were not accompanied by development programs and
technical assistance to the local governments.

Decentralization in Peru has also been plagued by a lack of coordination. Although projects
implemented by local or regional governments should be registered in the SNIP to avoid duplications,
this is often not occurring. Furthermore, the data the government holds on rural electrification are not
up to date. In fact, electrification rate published by the MEM diverged considerably from other
databases (such as census data) (Defensoria del Pueblo, 2010).

The lack of reliable data also became evident in the case of the “massive program”. The MEM gave
Ergon a tentative database of the communities that lack electricity access but many of the
communities from the MEM’s database were already electrified. In fact, in the request for tenders of
the “massive program”, the number of installations under contract was not set partially due to the fact
that the actual number of households without electricity is still unknown.

Adaptability

The sustainability of rural electrification programs demands for institutions that have the capacity to
adapt to the situation of a country and its needs. This normally implies having strong formal
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institutions with a flexible and decentralized structure (Pyhala, 2002; Thoenig, 2008:294). However,
regarding rural electrification, the organization of the MEM/DGER hardly meets these criteria.

Currently two agencies (DFC and DPR) both under the MEM/DGER, conduct off-grid PV projects for
rural electrification. The need of having two agencies both focused on rural electrification is not clear.
Although project proposals for rural electrification from across the country are presented to the DGER
and thereinafter assigned to either one of the agencies, there are no written criteria that determine to
which one a project is assigned. Competences of both agencies appear to be overlapping, which has
caused rivalry between them.

Several interviewees argued that projects from the DFC were technically superior to those from the
DPR. The difference may be due to the fact that the DFC has vast experience in off-grid PV system
installations, whereas until very recently the DPR had no interest in PV. Still, the “massive program”
is being coordinated by the DPR, leaving the DFC completely out.

The lack of a single agency with the responsibility of promoting and overseeing all rural electrification
programs in the country seems to be a major drawback, which compromises the ability of Peruvian
institutions to ensure the sustainability of off-grid PV projects (including the “massive program”).
Also, the current regulations may not be flexible enough for allowing EDCs to adapt to the
particularities of the communities. For example, aiming to meet the needs of isolated communities in
remote areas, several interviewees mentioned a variety of applications such as Solar Pico Systems
(SPS) (i.e., small-scale solutions of 0.3 Watts peak (Wp) up to 10 Wp such as solar lanterns; see IEA,
2013 for details). SPS may be useful in remote regions that EDCs technicians cannot reach regularly
as well as for nomad communities (who change their dwelling several times per year). However, SPS
solutions have not yet been considered in government projects and recently, the MEM rejected a
proposal of the GIZ to consider SPS for remote areas. This example shows that Peruvian institutions
have still problems to adapt to the needs of different communities, which inhibit seizing opportunities.

5.2 Economic Sustainability
Cost effectiveness and reliability

In order to be sustainable, a solution for electrification must be cost-effective. In remote areas of Peru,
conventional grid expansions have shown to be too difficult and expensive (Jané La Torre and
Palacios, 2015). In these cases, off-grid PV systems are a cost-effective alternative and therefore,
several EDCs and NGOs have been deploying off-grid solutions in these areas for years.

Aimed at cost-effectiveness, basically all EDCs (and NGOs) have outsourced both installations and
O&M services to local firms. Moreover, some of the EDCs have recognized the advantage of
economies of scale. According to a representative of ADINELSA, they attained lowering the monthly
O&M costs from about S/.60 to S/.50 (US$20 to US$17) per user by increasing the number of off-grid
PV clients across the country. Indeed, the “massive program” was designed following the approach of
economies of scale.

In the case of the “massive program”, the tender bid winner (Ergon) expects the program’s costs per
user to be very low, even below the current subsidy paid to the public EDCs in the southern region:
Ergon will receive US$8,370,054 per year (for 15 years) for 50,000 users (i.e., about US$167 per
system per year) (Ramos Rivas, 2014). This is nearly half of the price offered by the second bidder in
the same area (that had bidden US$16,703,235) (Ramos Rivas, 2014). This difference has been
highlighted by several interviewees that were quite sceptical about the reliability of the service offered
by Ergon. Indeed, although the contract of the “massive program” stipulates that Ergon must execute
all maintenance tasks, no contractual obligation existed to conduct revisions at a fixed period
(OSINERGMIN, 2016a).

Reliability of PV systems has already been an issue in Peru for the implemented systems, especially
regarding O&M, as public EDCs are under considerable strain to make profits (and rural
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electrification is a losing deal for them). Moreover, several interviewees explained that most EDCs do
not have spare parts for off-grid PV systems in their stock.

Funding

Sustainability of off-grid PV systems requires ensuring funding for the initial investment and the
O&M. In Peru, government intervention is inevitable for ensuring funding because rural populations
in remote areas are usually poor and can neither afford the systems nor their O&M. Fortunately,
budget allocation to rural electrification has increased substantially since 2007, which has contributed
to the great increase of the rural electrification rate, as shown by the red line in Figure 2. As explained
above, the initial investment of off-grid PV systems may stem from different sources (e.g. state
budget, fines, etc.).

Figure 2: Rural electrification budget (in Million S/.) vs. rural electrification rate.
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Source: Own elaboration based on MEM (2015).

Nevertheless, even the poorest inhabitants of remote areas are expected to contribute to the O&M
costs. In Peru, OSINERGMIN fixes the electricity tariffs for urban and remote users, including for off-
grid PV systems. For the latter, tariffs are set every four years, and they may vary according to three
main factors: 1) who is the investor (private or public company); 2) the size of the PV modules, and 3)
the location (coastal lowlands, Andean highlands, Amazon basin, or special Amazon regions) that
determines the amount of energy disposed respectively.

Since the tariff would far outweigh the spending capacity of the users, it is subsidized with a cross-
subsidy fund, the Social Electric Compensation Fund (FOSE by its Spanish acronyms). According to
Law No. 27510 (established in 2001 and modified to include off-grid PV systems in 2010), the FOSE
is a cross-subsidy administered by OSINERGMIN for poor households with a monthly energy
consumption of below 100kWh (OSINERGMIN, 2010). The contributions for the cross-subsidy
scheme are stemming from users with a monthly electricity consumption of above 100kWh (usually
from urban areas). While different subsidy ranks are defined, the greatest subsidy (currently 77.5%) is
given to off-grid clients with an energy consumption of below 30kWh (Congreso de Pert, 2013). For
example, the monthly tariff from a public EDC applied to a user with a system of 70Wp at the coastal
lowlands amounts to S/.30.55 (about US$10) per month, but the users ultimately pay only S/.6.25
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(about USS$ 2) after applying the FOSE (OSINERGMIN, 2014b). Tariffs are higher for users from
private companies (S/.47.12 in total and S/.9.42 user contribution in this example) to compensate for
the private company’s initial investment (OSINERGMIN, 2014b).

The FOSE seems to make electricity affordable to rural populations. According to a RE researcher, the
MEM had conducted a baseline study to capture the spending capacity of the poor rural households.
This study revealed that even the poorest communities paid between 5 and 6 dollars per month on
traditional energy (e.g. candles and kerosene) before receiving the RE solution. Nonetheless, default
payment rates vary considerably: Whereas AMP’s default rate is below 1%, ADINELSA’s rate varies
between 15% and 40%, and the EDC Electro Oriente (ELOR) reported an average of 51.56% in
Iquitos (OSINERGMIN, 2014c; Jauregui, 2014; AMP, 2014). Though the reasons for these
differences are manifold and will be further discussed below, the default seems not to be due to an
excessive user tariff.

Contribution to user income

Business users of Peruvian rural areas considered the availability of electricity to be essential for their
businesses (Yadoo, 2012). Still, rural electricity for productive uses have so far been limited to
projects of grid expansion and some isolated pilot projects. However, there is huge potential for
productive uses: e.g., fishing communities in the Amazon basin currently need to acquire ice for
cooling the fishes in a city that is 3-4 hours away, incurring high costs. A freezer running on electricity
powered by PV systems could not only substantially lower these costs, but also assure the cold chain
for the fishes. Moreover, increasing output from production would result in higher incomes of the rural
population. Despite these opportunities, local governments often don’t have the means to implement
the projects. Interdisciplinary projects involving expertise from different disciplines and sectors are
urgently needed to seize these opportunities.

The MIDIS was meant to assume this role; the Ministry was founded in 2010 to eradicate extreme
poverty by coordinating different public organizations. The MIDIS administrates the Fund for
Economic Inclusion in Rural Areas (FONIE by its Spanish acronyms), which was created in 2013 to
finance interdisciplinary rural projects that attend needs for water and sanitation, electricity, local
roads, and telecommunication (MIDIS, 2013). However, the FONIE only provides the fund for the
project implementation itself without any support to the community after the project implementation.

5.3 Environmental Sustainability
Environmental awareness

Environmental awareness does not appear to be a priority for the Peruvian elite. Environmental
measures that have been taken in this direction were mainly based on international pressure and the
recent hosting of the Conference of the Parties (COP) 20 in 2014 in Lima. Although the creation of the
Ministry of Environment (MINAM by its Spanish acronyms) in 2008 aimed to institutionalize
environmental issues, the Ministry is still considered as emerging, mainly because it is lacking experts
(Lanegra, 2014). Despite the protection of forest resources by law, projects including huge
deforestation have been approved (EIA, 2015). In fact, the Worldbank revealed that notwithstanding
major environmental reforms between 2003 and 2009, hardly any changes were registered concerning
overfishing, deforestation, degradation of soil and water bodies caused by agriculture and mining, and
poorly managed water resources (Liebenthal and Salvemini, 2011).

According to some interviewees, the lack of environmental awareness is also apparent in the
population’s behaviour. For example, a study by McAllister (2015) found that trash management
became an issue in the community La Zaranda (Province of Ferrefiafe in Northern Peru), as littering
was a socially accepted practice. Indeed, despite the Environmental Education Project implemented in
2011 and the National Prize for Environmental Citizenship (2009), considerable challenges remain for
environmentally responsible citizens (ECLAC and OECD, 2016). In fact, the increase of socio-
environmental conflicts arising from mining conflicts can hardly be associated with protesting against
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environmental impacts, but rather with a disconcert against the lacking social compensations from the
mining industry (e.g. by creating jobs) (Paredes and de la Puente, 2014).

Environmental impact

In Peru there are neither specific regulations nor any enforcement policies for rural electrification to
mitigate critical environmental issues such as battery disposal. For instance, an examination in
Cajamarca conducted by OSINERGMIN showed the devastating consequences of abandoned batteries
(Jané La Torre and Palacios, 2015). There are exceptions, however; according to several interviewees,
ADINELSA does have a policy on proper battery handling, as batteries are returned to Lima for
recycling.

Therefore, various studies from international institutions urge the government of Peru to further
substantiate environmental policies for rural electrification based on RE (see e.g. MEM, 2007;
Millones, 2005; JICA, 2008).

5.3 Socio-Cultural Sustainability
Accessibility (disparity, equity)

As pointed out above, access to electrification in rural areas has increased notably in Peru in recent
years. Moreover, through the implementation of the “massive program”, it is expected that other
150,000 households (in fact, as of December 2015, 190,000 systems were registered for installation;
OSINERGMIN, 2016a) will get access to electricity for the first time. Although each of these
households will receive systems of the same capacity (which appears to comply with a criterion of
equity), the amount of energy supplied by the same off-grid PV systems in Amazon regions may be
significantly lower than in the southern coastal lowlands (OSINERGMIN, 2016b). Further disparities
arise from the fact that the tariff depends on the EDC; users who are attended by a private company
have to pay more; e.g., in special Amazon regions, the tariff rises to S/.2.08 per kWh in the case of
private EDCs, while it amounts to only S/1.26 per kWh in the Amazon basin and S/.1.39 per kWh in
special Amazon regions (OSINERGMIN, 2016b).

Significant disparities in the access of energy affect the remote rural areas. Reaching these areas often
requires trips of several hours by boat across the Amazon basin, and therefore they offer even less
profits for EDCs. A representative of the MEM admitted that they don’t properly attend these regions
in the FONER program and they are not expected to be considered in the “massive program” either.
Regarding the latter, the contract stipulates that Ergon (the tender bid winner) is expected to install the
systems wherever it is “viable”.

Social Acceptance

In general, the demand for access to electricity and the acceptance of off-grid PV solutions are both
high in rural Peru. An Ergon representative declared that as part of the “massive project” they had
censored more than 150,000 dwellings, and none of the households has refused the offered off-grid PV
system. Several interviewees mentioned the importance of modern communication technologies such
as cell phones or computers, which have diffused even to the most remote parts of the country.

Nonetheless, the interaction between the community members and outsiders (e.g. representatives of
EDCs) seems to have become problematic in areas where the mining industry is operating. According
to a social researcher, the community usually holds a historically conflictive relationship with the
companies. As discussed elsewhere (e.g. Paredes and de la Puente, 2014), socio-environmental
conflicts have indeed increased considerably in Peru.

These conflicts feed mistrust, which in turn appears to be related to default (that has plagued some off-

grid PV projects by ELOR and ADINELSA). A representative from an NGO revealed that the level of
mistrust due to conflicts with the mining industry have caused a loss of credibility also towards NGOs,
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such that gaining people’s trust has been essential for reducing their current default rate to less than
1%.

Based on these experiences, NGO-sponsored project managers and university researchers concurrently
agreed on the importance of a participative approach, meaning that the local community is embedded
in the project from the beginning. Unfortunately this methodology is not used in government projects.

Accuracy

In order for a project to be accurate, it has to meet the specific local needs and consider the socio-
cultural reality of each community. Unfortunately, it is not clear if Peruvian official are widely aware
of the need of accuracy. For example, ADINELSA deploy off-grid PV systems with capacities of
either SOWp or 85Wp. The decision on the system capacity is based on the user’s expenses for
alternative energy sources (such as candles, kerosene) before electrification. The limited capacity of
ADINELSA solutions has been criticized, since it was not defined according to community-specific
energy needs; the EDC, however argues that higher capacity may be too expensive for some
households (as the tariff depends on the capacity).

In the “massive program”, Ergon will install 120Wp systems everywhere regardless of the user’s
habits of its region. A MEM representative and a high ranking official agreed that ideally the capacity
of the systems would have been defined according to the real needs and the income level determined
in a baseline analysis of each community and pursuant to the different local, cultural, and geographical
circumstances. Yet, this has not been done to save costs.

Cultural Justice

Peru is culturally extremely diverse, with multiple indigenous communities living across the country.
Besides gender issues and language differences, there is diversity in the community organization and
the willingness to participate in projects. However, culture has mostly been neglected in the public
sector. Although the request for tenders of the “massive program” stipulated that “/¢/he Investor will
design the autonomous RER [Renewable Energy Resources] installations taking into consideration the
background and the social economic characteristics of the user” (OSINERGMIN, 2014:57-58), there
are no specific indications (except for translating system handbooks to indigenous languages) of how
this should be put into practice.

The disregard of socio-cultural particularities of rural communities has also been reported regarding
the role of women in rural electrification, who were found to hardly participate in the projects (Lillo et
al., 2015). This deficiency in socio-cultural aspects has led to project failures or payment defaults. The
EDCs tend to attribute these defaults to an excessive price, or to the users’ unwillingness to pay.
However, in NGO-sponsored projects that have succeeded in engaging the community, the default rate
is much lower.

Regarding each sustainability indicator considered in this paper, Table 4 provides a summary of the
strengths and weaknesses of rural electrification efforts in Peru based on off-grid PV solutions.

Table 4: Strengths and weaknesses of rural electrification efforts in Peru based on off-grid PV
solutions.

Indicator Strength Weaknesses

Stability Frequent rotation of high-ranking officials.
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Regulation and Standards

Technical standards and regulations have been
defined.

Adopted technical standards are obsolete.

The regulatory framework does not consider some
technologies (e.g. SPS or micro-grids), which
avoids their adoption.

No service standards have been adopted.

Neither adopted standards nor regulations are
enforced.

Decentralization and

Decentralization efforts have been conducted,

Lack of technical know-how at local level (i.e.

Openness to participation including  budget allocation to local municipalities), which has resulted in failure of
governments (i.e. municipalities). municipality-sponsored projects.
No interaction or coordination between different
sectors, institutions or government levels.
Adaptability (ability to meet Duplicity of agencies with  overlapping
future needs) competences and responsibilities.
Peru lacks a single decentralized agency for
overseeing off-grid electrification programs.
Widespread outsourcing with weak quality controls
by regulators or EDCs.
Affordability Cross  subsidies for subsidizing rural

electrification efforts.

Adequate tariff scheme for users of off-grid PV
systems. Tariff is below previous expenditures
on traditional fuels like candles.

Cost effectiveness

Official have recognized that off-grid PV
systems are a cost-effective alternative to grid
expansion. They have also recognized the
advantages of economies of scale in the case of
stand-alones PV solutions.

Consideration of operation
and maintenance costs

Costs, tariffs, and subsidies have been
calculated considering both the initial costs and
the O&M costs by using a sophisticated model.

The O&M costs (and subsequently tariffs and
subsidies) may still be underestimated by not
properly considering geographical differences
between regions.

Contribution to income of
users

Enormous potential for productive use (e.g.
refrigerating fresh fish).

Productive use has only been considered in
electrification projects based on the grid-
expansions.

Reliability of supply

The lack of spare parts/maintenance of off-grid PV
systems in rural areas has caused high failure rates.
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Environmental awareness

Rural populations (especially in areas where
mining is intensive and has caused externalities)
have developed a notion of environmental
awareness.

Environmental awareness is not widespread in the
Peruvian elite. Environmental measures appear to
be mainly based on international pressure, but the
mining activities for example are subjected to few
and weak environmental regulations.

Environmental impact

The National Evaluation System of the
Environmental Impact also applies for rural
electrification.

The lack of specific regulations and enforcement
policies on environmental hazards has resulted in
negative environmental impacts such as abandoned
batteries.

Accessibility (disparity,
equity)

Cross subsidy tariff scheme as well as
initiatives (such as the “massive program”),

EDCs and regulators have shown little interest in
providing electricity to inhabitants of remote areas.

demonstrate the willingness of the Peruvian
elite to ensure access to electricity.

Disparities between regions (price per kWh).

Accuracy System capacity is determined by its affordability
rather than in the needs of the populations. As a
consequence, systems often fell short of energy

demand.

Social acceptance There is a significant mistrust between the
government and rural population (especially in
areas where mining is extensive). This conflictive
relationship jeopardizes social acceptance of
electrification projects and may result in the

rejection of the PV systems.

Cultural Justice MEM projects are designed without the
engagement of the community, as Peruvian
officials appear to be unaware of the importance of

local participation.

Source: Own elaboration
7. Summary and Conclusions

In this paper, we assess the sustainability of rural electrification programs in Peru, paying special
attention to the “massive program” (that aims to deploy a minimum of 150,000 off-grid PV solutions
in the upcoming years). Our assessment was based on a set of indicators corresponding to the four
dimensions of sustainability considered in this paper: institutional, economic, environmental, and
socio-cultural.

The sustainability of rural electrification programs demands for strong formal institutions with a
flexible and decentralized structure. However, we found that the organization of the MEM/DGER
hardly meets these criteria. Two agencies (DFC and DPR) both under the MEM/DGER, currently
conduct off-grid PV projects for rural electrification. Competences of both agencies (DFC and DPR)
appear to be overlapping, which has caused rivalry between them. Moreover, steady staff rotation has
caused disturbing changes in the regulatory framework of Peru; this instability has inhibited following
a strategic line in rural electrification as projected by the PNER.

Drawbacks in the Peruvian decentralization process have significantly affected prior rural
electrification efforts. Decentralization (understood as redistribution of the funds to elected local
governments) has allowed local or regional governments to implement electrification projects by
themselves. However, these projects have been rarely successful, since the capacities on the regional
and local scale on RE projects are basically non-existent. Moreover, the MEM is centrally designing
its projects without the participation of those who are closest to the community. Indeed, the role of the
rural communities in Peru is limited and they are normally not involved in the design and
implementation of projects sponsored by the government.
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Despite the country’s huge potential, systems for productive uses that increase the user’s income have
not been considered so far. This is due to a lack of basic skills and know-how of the rural population
on the opportunities and uses of energy as well as on business know-how in general. Interdisciplinary
programs (e.g. including drinking water and sanitation, roads, education, etc.) could help assessing this
gap, but recent attempts by MIDIS have fallen behind expectations. This inhibits seizing opportunities
regarding productive uses of off-grid PV systems.

Widespread outsourcing as currently occurring in Peru (in rural electrification, off-grid PV system
installations and O&M of off-grid PV system are outsourced) requires strong quality control.
However, the technical standards for off-grid PV systems are not up to date, while service standards
do not exist in Peru. As a consequence, the reliability of off-grid PV systems has been an issue in Peru,
especially regarding O&M.

Cross subsidies for subsidizing rural electrification efforts have facilitated a notable increase in the
electrification rate of the country in recent years. However, system capacity is determined by its
affordability rather than by the needs of the populations. As a consequence, systems often fell short of
energy demand. Although some adaptations of the tariff model should be considered (especially
regarding tariff equity between regions/between private and public EDCs), we found that the tariff
scheme has made off-grid PV systems affordable for users (the tariff is below previous expenditures
on traditional fuels like candles).

We also found that MEM projects are still designed without considering the fact that Peru is culturally
diverse, which has often led to payment defaults; especially in projects sponsored by the government
that failed in engaging the community. Indeed, Peruvian officials often appear to be unaware of the
importance of local participation (as local values and lifestyles are disregarded), and there is a
significant mistrust between the government and the rural population (especially in areas where
mining is extensive).

Environmental awareness is not yet an issue for the majority of the Peruvian elite, such that
overfishing, deforestation, and degradation of soil and water bodies caused by agriculture and mining
are frequent. Although communities affected by these problems show early signs of the awakens of
environmental awareness, we found that there are neither specific regulations nor any enforcement
policies aimed at the mitigation of critical environmental issues associated with off-grid PV systems
(such as battery disposal).

As the Peruvian case revealed, assuring the sustainability of the off-grid PV systems cannot be
achieved by only providing funds for the initial investment and the O&M. Attention must be paid to
the other dimension of the sustainability (environmental, socio-cultural and institutional). We expect
that our conclusions may help Peruvian institutions to address the most severe drawbacks affecting
their rural electrification efforts, particularly those that can compromise the sustainability of the
ongoing “massive program”.
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6 Inter-Country Comparison (Paper 5: Sustainability of rural electrification efforts
based on off-grid Photovoltaic systems in the Andean Region)

In this paper, I comparatively assess the sustainability of rural electrification efforts based on off-grid
solutions in Chile, Ecuador, and Peru. Following the theoretical framework described in Chapter 2, my
assessment considers four dimensions of sustainability (institutional, economic, environmental, and
socio-cultural).

I found that Ecuador and Chile have consistently failed in ensuring mechanisms for funding O&M of
the deployed off-grid systems (which has made these solutions in poor Chilean and Ecuadorian
communities inevitably unsustainable). Although Peru has adopted a cross-tariff scheme, the Peruvian
case shows that ensuring the funding of off-grid PV solutions is by far not sufficient. Peruvian
officials appear to be unaware of the importance of local participation (local values and lifestyles are
often disregarded) and most of the projects have been designed without the participation and
engagement of the communities, which has frequently led to project failures and payment defaults.

The article also evinces that the Andean countries have consistently ignored the importance of strong
formal institutions (coursed on rural electrification) with a flexible and decentralized structure. This
fundamental drawback has resulted in inconsistent laws or lacking regulations, which in turn has been
a major impairment of the sustainability of rural electrification projects in all three Andean countries.
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Abstract: In this paper, we comparatively assess the sustainability of rural electrification efforts based
on off-grid solutions in Chile, Ecuador, and Peru. Our assessment considers four dimensions of
sustainability (institutional, economic, environmental, and socio-cultural). We found that Ecuador and
Chile have consistently failed to ensure mechanisms for the operation and maintenance of the
deployed off-grid systems, which has made these solutions in poor Chilean and Ecuadorian
communities inevitably unsustainable. Although Peru has adopted a cross-tariff scheme, the Peruvian
case shows that ensuring the funding of off-grid PV solutions is not enough. Peruvian officials appear
to be unaware of the importance of local participation (local values and lifestyles are constantly
disregarded) and most of the projects have been designed without the participation and engagement of
the communities, which has often led to project failures and payment defaults. However, although
each country has its particular challenges, we found that the three Andean countries have consistently
neglected the importance of strong formal institutions with a flexible and decentralized structure,
which in turn significantly compromised the rural electrification effort in these countries.

Keywords: off-grid PV systems; rural electrification; developing countries; sustainable energy;
Andean countries

1. Introduction

Out of the approximately 1.2 billion people who still lack electricity worldwide, the vast majority live
in rural areas [1]. In 2015, the United Nations (UN) declared global access to clean and reliable energy
one of its 17 Sustainable Development Goals (SDG) [2]. In remote areas of Developing Countries
(DCs), where a grid expansion is unviable, off-grid Photovoltaic (PV) systems can be a feasible
alternative to reach this goal.

In recent decades, Chile, Ecuador, and Peru have significantly improved their rural electrification rates
(reaching 97.8% in Chile, 92.3% in Ecuador, and 63% in Peru) [3,4]. Rural electrification efforts
included the deployments of off-grid PV solutions in remote areas such as the Ecuadorian and
Peruvian Amazon basin [4,5], as well as in isolated Chilean peripheral locations [6]. Communities of
these areas are characterized by low energy demand, low income, high dispersion, and difficult
accessibility (see e.g., [7,8]).

Unfortunately, rural electrification projects based on off-grid PV systems have been plagued by
technical failures and payment defaults, which has seriously compromised their sustainability [9—12].
In this paper, we critically assess the sustainably of rural electrification programs (based on off-grid
PV systems) in the Andean countries. We aim to better understand drivers of success as well as to
highlight flaws that have compromised the sustainability of these efforts. Our assessment was based
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on a set of indicators (adopted from [13]; see Table 1) corresponding to the four dimensions of
sustainability considered in this paper: institutional, economical, environmental, and socio-cultural. A
definition for each of these sustainability indicators is provided in Table 1.

Sustainability
Dimension

Indicator

Definition

Institutional

Stability
(Durability)

Stability concerns the durability of the (national and local) formal
institutions of a country. This may refer to the organization itself,
its legal existence, as well as the stability of personnel within the

organization (staff turnover).

Regulation and
Standards

Regulations embrace the legal framework of a country including its
consistency, coherence, and liability. Standards refer to the
implementation and verification of technical standards for off-grid
PV systems and their accessories including the legal bounding for
quality assurance.

Adaptability

Adaptability implies the formal institutions’ ability to adapt to the
needs of the population and its socio-cultural circumstances. The
concept embraces flexible, decentralized institutional structures
that have the (technical and socio-cultural) know-how and the (de
facto and de jure) power to effectively steer rural electrification.

Decentralizatio
n/
Participation

Decentralization and participation refer to the degree to which
formal and informal institutions work jointly together on the local
projects. The participation of a local community usually requires a
degree of decentralization of the agents in charge of the rural
electrification project.

Economic

Funding (Initial
investment/
O&M)

Funding consists of both the funds provided for the initial
investment of the off-grid PV systems (including its components,
installation costs, costs for user training and handbooks) as well as
the funds to operate and maintain the systems over their entire
lifetime (including operational costs for repairing services and
substitutions (e.g., batteries), the administration of the systems
(such as tariff collection), the provision and storage costs for spare
parts, all kinds of travel expenses to the dwellings and back, and
disposal costs).

Cost
effectiveness

Cost-effectiveness of a solution is defined by the degree to which
monetary resources are efficiently invested by the deployment of
an accurate (see indicator accuracy below) energy system for a
community with the lowest costs over the system’s lifetime.

Reliability

Reliability requires the systems to be constantly operational.
Defects are corrected in a short (and previously defined) time span.
Reliability requires spare parts and know-how to be available at the
local site.

Productive Use

Energy systems are expected to contribute to the economic
development of the users. This can be achieved by (partially) using
the systems for productive uses, which generates user income
(users might then even bear O&M costs) due to a higher
productivity/performance associated with energy.

Environment
al

Environmental
awareness

Environmental awareness is defined as the consciousness of the
society on the importance of the environment. It often requires an
understanding of the connections between environmental, energy,
and social/economic issues and its value for wellbeing.
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Environmental impact refers to the positive as well as negative
effects that a technology has on the environment. These impacts
may be local or global in nature. Examples for the former are the
handling of disposals (such as batteries) from the systems, noise
disturbances, pollution aesthetics, etc. The latter refers to impacts
on the climate system (due to greenhouse gases) or the loss of
biodiversity worldwide. Positive impacts may, e.g., be the
avoidance of these gases due to the adoption of “clean” renewable
technologies.

Environmental
impact

Equity (disparity) is the degree of equal (distinct) treatment for
different groups of a population, e.g., rural and urban populations
or different ethnic groups on the one hand, and within groups (i.e.,
similar rural populations from one vs. another community) on the
Equity other hand. Equity relies on the underlying concept of justice.
Equity (disparity) issues may refer to the point in time when a
community is electrified (temporal equity), the provided energy
quality and quantity (system size) for/within each group, and the
differences between energy tariffs.

Accuracy in sustainable rural electrification is defined as the degree
to which the solutions are conforming to the lifestyle and needs of
the users. Accuracy often refers to the off-grid system capacity for
present and future energy demand, as well as technological
specifications that consider socio-cultural factors (such as ease of
use, community lifestyle, etc.).

Socio-

Accuracy
Cultural

Social acceptance in sustainable rural electrification is understood
as the degree to which a community agrees with a project and the
installed technology, approves it, and ideally identifies with it.
Social acceptance is often facilitated by involving and engaging the
users in the project and by making them part of the solution, such
that they understand its advantages and limitations and agree on the
conditions (their rights and obligations).

Social
Acceptance

Cultural justice refers to the consideration of/and respect for the
Cultural Justice | culture, and the motivations and values of the population (e.g.,
concerning environmental awareness).

Table 1. Definition of indicators of sustainability adopted in this study (adapted from [13]). The
different colors in the first column stand for the different dimensions of sustainability considered in
this paper.

Institutional sustainability has been acknowledged as a precondition for the sustainability of rural
electrification initiatives (see e.g., [14,15]). For institutions to be sustainable, they need to be stable
and durable [16-18]. In that context, Gollwitzer [19] highlights the importance of adopting and
enforcing norms and regulations. Authors further agree on the relevance of the openness to people’s
participation [20-22] and of decentralization [23,24], which favors the adaptability to local needs
[14,17,21,25].

Economic sustainability of electrification solutions requires ensuring the affordability of the systems
[25,26]), which implies adopting cost-effective solutions and procuring (in the case of poor
communities) funding for both the initial investment and the operation and maintenance (O&M) of the
systems [17,27-29]. Sustainability of energy projects further requires ensuring the reliability of the
systems [30]. Dunmade [28] and Chaurey and Kandpal [31] therefore allude that spare parts must be
locally available to reduce downtimes, such that productive uses can contribute to an increase in the
user income [32,33].
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Environmental sustainability demands for citizen participation and environmental awareness [34],
which is then again relevant for the prevention of negative environmental impacts [17,21,26];
improper disposal of batteries may make presumably clean technologies such as off-grid PV systems
unsustainable [35,36].

Socio-cultural sustainability [14,17,18,26] implies favoring equity regarding the amount of energy
provided to different groups (e.g., according to gender, ethnical background, etc.) as well as regarding
the accessibility to energy [15,16,26,37]. Moreover, socio-cultural sustainability of energy solutions
requires gaining the acceptance of society by respecting their culture and traditions [28,38], and
ensuring the participation of the local community [15,21,39].

The dimensions of the sustainability (institutional, economical, environmental, and socio-cultural) are
strongly interwoven and are deeply interdependent. Therefore, ensuring the sustainability requires
adopting an integrated and holistic approach. Indeed, as shown below, successful rural electrification
projects (based on off-grid PV systems) in the Andean countries are those within which all the
dimensions of the sustainability are ensured.

2. Materials and Methods

We applied a multiple-case study approach (for details on this methodology, see [40,41]) for an inter-
country comparison between Chile, Ecuador, and Peru. The material used to conduct the case studies
was obtained from a variety of data sources that included legal/public statements, energy policies and
regulations, statistical databases (on energy uses and technologies), strategic energy documents and
roadmaps, ex-post project evaluations from independent parties, and scientific papers. Quantitative
data for comparisons were retrieved from the World Bank Indicator Database, from diverse Ministries
such as the respective Ministry of Energy of each country, the Ministry of Development and Social
Inclusion (Peru)/Ministry of Social Development (Chile); Ministry of Foreign Affairs Coordinating
Ministry of Strategic Sectors (MICSE by its Spanish abbreviation) in Ecuador; from several public
energy agencies/regulators (e.g., National Energy Commission (CNE by its Spanish abbreviation) in
Chile; Agency for Regulation and Electricity Control (CONELEC, by its Spanish abbreviation) in
Ecuador; and Organization for Investment in Energy and Mining (OSINERGMIN, by its Spanish
abbreviation) in Peru; and from the National Statistical Institutions of the three countries.

We also analyzed 57 semi-structured interviews to key stakeholders that we had previously conducted
in Chile, Ecuador, and Peru (see [13,42,43]). Interviews were held between 2014 and 2015, and since
our main interest was to unveil the overall institutional and organizational conditions in the Andean
countries, the interviewees were of higher hierarchical positions such as directors, project managers,
leading researchers, and division leaders in each country. The interview guideline was identical for the
three countries, and our interview partners in Chile, Ecuador, and Peru held similar positions. This
structured proceeding assured an unbiased comparison of the three countries.

The conjunction of the analyzed data was used to assess the sustainably of rural electrification
programs (based on off-grid PV systems) in the Andean countries. Our assessment was based on a set
of indicators (see Table 1) that were rated relative to an ideal situation.

3. Country Comparison Brief
3.1. Geography and Demography

As shown in Table 2, Peru’s population is almost twice as high as Chile’s and Ecuador’s. However,
given its smaller surface, Ecuador has a much higher population density. In addition, in relative terms,
Ecuador’s rural population is three times higher than Chile’s, and twice as high as Peru’s rural
population. Whereas the Ecuadorian rural population has been growing during the last five years, it
has decreased in Chile and Peru. It is also worth noting that the three countries all have a very diverse
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geography with different climate zones. These geographical features, including mountain areas above
5000 m, tropical forest in the Amazonian basin (Peru and Ecuador), islands (Chile and Ecuador), and
fjords (Chile) with difficult access, contribute to the isolation of some rural communities in these
countries.

Table 2. Key Demographic Data.

Chile Ecuador Peru

Total Population (2015) 17,948.14 16,144.36 31,376.67
Rural population (% of total; 2015) 10.47 36.26 21.39
Population density (people per sq. km of land area; 2015) 24.20 65.00 24.51
Rural population growth (%; average during last 5 years) -0.7 0.98 -0.2
Surface Area (km?) 756,950 283,500 1,285,216

Source: Own elaboration based on data from [3].

3.2. Politics and Economy

The administrative organization of the three countries remains highly centralized despite of their
efforts for power distribution [44-46]. While Ecuador has been more reluctant, Chile and Peru have
enthusiastically embraced neoliberalism (since the 1990s in the case of Peru and since the 1980s in the
case of Chile). As discussed below, this difference had strong implications for the energy sector and its
organization.

Table 3 shows some key economic data for the Andean countries: According to the World Bank [3],
Chile’s economy is by far the wealthiest, followed by Peru and Ecuador; still, the GDP growth-rates
during the last five years have been remarkable in all three cases. Chile’s economic edge is also
reflected in the higher Foreign Direct Investment, which is more than twice as high as in Peru and
about eight times higher than in Ecuador [3]. Chile’s GINI Index (a measure of inequality within a
country; see [47]) is the highest (i.e., Chile has the greatest income/consumption disparity), albeit
inequality seems to be an issue in each of the three nations [3]. The countries share their high
dependency on commodities that account for more than 50% of their exports: Chile mainly depends on
the mining sector, Ecuador on its petroleum reserves, and Peru on mining and petroleum, respectively
[48-50].

Table 3. Selected Economic Data.

Chile Ecuador Peru

GDP per capita, PPP (constant 2011 international $; 22,145.1 11,672.1
10,717.60

2015) 0 4
Annual GDP Growth (%; average of last 5 years) 3.8 4.4 4.8
GINI Index (2013) 50.5 473 44.7
Foreign Direct Investment net inflows (percent of GDP;
2015) 8.5 1.1 3.6
Exported Commodities (in percent of total exports) 54.2 56.5 62

Source: Own elaboration based on data from [3,48—-50].

3.3. Energy

The energy sector differs notably between the three Andean countries, as shown in the overview of
Table 4. Ecuador has a primary energy surplus, with the main destination of its energy exports being
United States, followed by Chile, Peru, and Panama [51]. Despite of this surplus, Ecuador’s energy
sufficiency index is actually negative. This is due to the fact that its exports are crude oil, while it still
needs to import diesel, gasoline, and liquefied petroleum gas (LPG) [52]. It should be noted that
Ecuador currently subsidizes these imports: for example in 2014, subsidies on energy fuels represented
3.89% of the country’s GDP, amounting to US$3.907 million [53].
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In Peru, the energy generation is approximately equal to its consumption, while Chile is highly
dependent on energy imports that accounted for about 61% of the total energy consumption in 2013
[3]. At the same time, the per capita electricity consumption is more than three times higher in Chile
than in Ecuador and in Peru [3], which can be partially attributed to its higher GDP per capita (as
energy consumption is correlated with income [37,54].

For energy consumption, Peru’s and Chile’s share of RE (including hydro energy) is almost 1/3 of the
total energy consumption, whereas in Ecuador it accounted for only about 13.4% in 2012 [3] (World
Bank, NA); however, several major hydro-power plants are currently constructed in Ecuador with a
total power capacity of about 2.5 gigawatts (GW) [55]. This will increment the power production by
50% and also substantially adjust the RE consumption rate upwards (as the government is also
promoting a policy to foster a shift in its energy consumption from gas to electricity to curb the
enormous subsidies on fuels).

As far as Non-Conventional Renewable Energies (NCRE) are concerned, their energy generations
have a minor share of the total power generation in Ecuador and Peru, but a more important role in
Chile [56-58].

Table 4. Key Energy Data.

Chile Ecuador Peru
Net Energy Imports (percent of energy use; 2013) 61.3 —93.8 -0.2
Electricity consumption (kilo Watts hours (kWh) per capita; 2013) 3879 1333 1270
Generation rate of NCRE for electricity (percent of total generation of 13 ) 31
electricity) '
RE consumption (percent of total final energy consumption; 2012) 30.3 13.4 28.3
Rural Electrification Rate (%; 2012) 97.8 92.3 63

Source: Own elaboration based on data from [3,4,56—58].

3.4. Rural Electrification

Figure 1 shows the progression of the rural electrification rate of the analyzed Andean countries
between 1993 and 2012. In 1990s, their rural electrification rate was quite low (with Peru significantly
lacking behind), though the Andean countries were able to make up leeway after tremendous
expansions, although off-grid solutions were adopted when grid expansions were found to be
electrification efforts in the 1990s and 2000s. The improvements have mainly been due to grid
expansions, although off-grid solutions were adopted when grid expansions were found to be unviable.
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Figure 1. Rural Electrification Rate in Chile, Ecuador, and Peru. Source: Own elaboration based on
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data from [4,59,60] (for Ecuador data are only available until 2010). data from [4,59,60] (for Ecuador
data are only available until 2010).

Rural electrification is usually unprofitable in DCs due to a high dispersion of dwellings, a low energy
demand, and a difficult access to these areas. Therefore, in the Andean countries, electrifying rural
areas has primarily been responsibility of the public sector (mainly through the respective Ministry of
Energy or equivalent [61-63].

In Ecuador, all Electric Distribution Companies (EDCs) are state-owned; in Peru, they can be public
or private (EDCs that operate outside big urban areas are all public except for those under the control
of Non-Governmental Organizations (NGOs)); and in Chile they are all private.

In the case of on-grid solutions, the EDCs in the three countries provide the electricity to the end-
users, but none of them generates electricity from its own plants (due to policies in the 1990 that
fostered the separation of generation, transmission, and distribution in the three countries). In the case
of off-grid PV solutions however, the EDCs can also generate the electricity by installing the systems
themselves.

In Ecuador, the public EDCs are prompted by law to provide electrification to the whole country, such
that they have been deploying off-grid PV solutions in remote rural areas (especially in the Amazon
basin) since the early 1990s. In the case of Chile, the national government pays private companies
(selected via call for bids) to electrify dwellings in remote areas, although local authorities such as
municipalities can also commission the deployment of small-scale PV systems without the supervision
of the Chilean Ministry of Energy. In Peru, public EDCs are also leading electrification efforts in rural
areas by using off-grid solutions, but their responsibilities are constrained to certain areas of the
country. To take electrification beyond these areas, the Peruvian government issued call for bids to
install at least 150,000 off-grid PV systems through a public-private partnership [64]; the private
company will be in charge of the installation as well as the O&M across Peru’s remote areas for 15
years, whereas public EDCs will cover the administration (e.g., fee collection) [64]. NGOs, NPOs, and
universities have also conducted off-grid installations in the Andean countries.

4. Results
4.1. Institutional Sustainability
4.1.1. Stability/Durability

Institutional sustainability requires strengthened and stable formal institutions. However, stability is
quite problematic in Ecuador and in Peru [65]. In Ecuador, new Ministries, regulators, and EDCs were
created and later disappeared, which ultimately led to the failure of entire off-grid PV programs (when
the responsible entity just vanished) [13]. Similar issues were found in Peru, where according to an
expert from a NGO (and verified by the regulatory trajectory), permanent staff turnovers in leading
positions as well as changes in energy policies inhibited the implementation of a strategic policy line.
The lack of institutional stability has moreover seriously affected the creation of know-how and
human capital training in these countries.

Moreover, the prevalent neoliberalism in Peru and in Chile has prevented the development of
strengthened formal institutions by reducing their role to a minimum [66]. For example, the Chilean
Ministry of Energy enthusiastically embraced the concept of “technology neutrality” (since in its view
any form of facilitation or promotion of RE may lead to market distortions) [42]; the Peruvian
Ministry of Energy is meanwhile committed to outsourcing: in Peru, the installation of off-grid PV
system is outsourced, O&M of off-grid PV system is outsourced; even the supervision of the
outsourced activities is outsourced, as confirmed by several government agents.
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4.1.2. Regulations and Standards

In Ecuador, there is a lack of coherence between the Constitution and the regulations. Several
interviewees (including scholars and NGO experts) stated that this incoherence had direct
consequences on rural electrification, as for instance the right for energy declared in the Constitution
was not anchored in the law, and consequently it is often not enforced. Moreover, rural electrification
lacks any kind of technical and quality standards, such that different EDCs frequently deploy
incompatible off-grid systems [13].

In Chile, technical standards for rural electrification have been defined, but project managers from
energy companies admitted that in the projects they are not enforced, especially in the case of off-grid
PV systems. The lack of enforcement of technical standards has often compromised the sustainability
of small-scale programs conducted by private entities as well as public agencies or municipalities.
Indeed, according to the current regulation, when the investment cost of a rural electrification project
is lower than approximately US$140,000, it can be carried out without the supervision of the Ministry
of Energy [42].

In Peru, although technical standards were formally adopted from the International Organization for
Standardization (ISO), representatives of the agencies in charge of the quality control assured that they
have been neglected by the Ministry of Energy and Mining in their rural electrification projects.
Consequently, these technical standards were also found to be outdated.

A major issue for rural electrification in these countries is that the regulatory framework does not
clearly reveal what actions to take and who to hold responsible if the off-grid PV systems stop
operating. This fundamental drawback contributes to the unreliability of off-grid PV system in the
Andean countries.

4.1.3. Adaptability

Rural electrification requires that the institutions are able to adapt to the (changing) circumstances in a
country, which implies in the context of rural electrification, having a strong formal institution (such
as an agency) with a flexible and decentralized structure (see e.g., [67]).

Chile and Ecuador lack a decentralized public agency focused on rural electrification. Such an agency
may support local authorities and users, and it could be in charge of O&M as well as of the quality
assurance of the systems. In the case of Chile, several small-scale projects failed because their
sponsors (local authorities such as municipalities in remote rural areas) were unable to keep the
systems operating in the long-term (e.g., because of the deployment of low quality parts, the lack of
technological skills in remote area, missing spare parts, etc.) and they did not receive timely support or
training from the Chilean Ministry of Energy [42].

In the case of Ecuador, a decentralized public agency could help to improve coordination among the
Ecuadorian EDCs, and to facilitate the transfer of know-how from EDCs that have successfully
deployed off-grid PV systems (for example, the “CentroSur” EDC) to less successful EDCs (for
example the “Sucumbios” EDC) [13]. Therefore, the ongoing reorganization of the Ecuadorian
electricity sector, which implies merging the current 11 EDCs into a single company (see [68]), may
help to foster the exchange of valuable know-how.

In Peru, there are two agencies (the Direction of Grant Funds (DFC by its Spanish abbreviation) and
the Project Management Direction (DPR by its Spanish abbreviation)) both conducting off-grid PV
projects for rural electrification under the Peruvian Ministry of Energy. Competences of both agencies
(DFC and DPR) appear to be overlapping, which has caused rivalry between them and contributed to
the dispersion of know-how.
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The main problem in all three countries that impedes a better adaptability of formal institutions to the
needs of the population seems to be the lack of a flexible, decentralized institutional structure with the
(technical and socio-cultural) know-how and the (de facto and de jure) power to effectively steer rural
electrification. The lack of coordination between the institutions dealing with rural electrification in
these countries has often constrained the transfer of know-how (although Ecuador is trying to correct
this flaw by merging its EDCs).

4.1.4. Decentralization and Openness to Participation

In Ecuador, the energy sector, in particular the distribution of electricity, is subject to a process of
recentralization, which means that the 11 EDCs in the country will be merged to a single company.
Recentralization may lead to short-term benefits in the Ecuadorian energy sector (by facilitating the
adoption of coherent technical and quality standards of service; see above). However, recentralization
may also weaken local institutions (inhibiting in turn local participation; see for example [69]).

In Chile and Peru, decentralization has allowed local or regional governments to implement
electrification projects by themselves. However, as mentioned above, these projects have often failed.
NGO representatives and social scientists have attributed this issue to the fact that decentralization
efforts were merely understood as a redistribution of funds to elected local governments, which did not
include any transfer of know-how or training.

In Peru and Ecuador, most of the electrification projects based on off-grid PV systems are still
sponsored by the corresponding Ministry of Energy. These projects have primarily been designed and
conducted without the participation of the local population (usually indigenous communities). As
explained below, this lack of engagement and participation has led to inaccurate solutions (such as
insufficient system capacities unable to match the actual needs of the population).

Although in Chile the Ministry of Energy appears to be aware of the importance of openness to
participation [42], a participative approach (involving user training and transfer of technical know-
how) is not always applied. For example, harming system interventions from users due of a lack of
user training has plagued small-scale PV projects in rural areas of Chile [42,70,71].

The problems detected in the three countries show that ensuring the sustainability of off-grid systems
requires, in addition to decentralization and openness to participation that local know-how and
capabilities are built.

4.2. Economic Sustainability
4.2.1. Cost Effectiveness

Off-grid PV systems are a cost-effective alternative for rural electrification in areas where the grid
expansion is too difficult or too expensive. However, in Chile the Ministry of Energy failed to
recognize this fact for years. Indeed, diesel generators were often preferred in the past, since only the
initial investment costs were considered in the decision-making [72] without taking the significantly
higher O&M costs, including fuel costs and its transport to remote areas into account. Fortunately, this
flaw has been corrected in recent years, such that a lifecycle cost calculation is now used, and diesel
generators are substituted by off-grid solutions [42,73]. In Ecuador, the potential of off-grid PV
systems has also been ignored as a cost-effective alternative for the countries’ remote areas, as e.g., the
expansion of the national grid has been preferred even if direct and indirect costs (e.g., environmental
impacts) were substantial. This could mainly be attributed to political promises to bring the national
grid to the specific locations (as the grid was considered a more popular solution) [13].

On the other hand, the Peruvian Ministry of Energy did recognize the potential of off-grid PV systems
for remote areas. This is why it recently approved the installation of at least 150,000 systems across
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the country. The systems will all be installed by a single private company, which allows for significant
economies of scale, and the price per system can be reduced significantly. However, the lack of
coordination between DPC and DPR (as well as with municipalities) in previous projects has seriously
affected the cost-effectiveness in rural electrification: project managers arrived at remote communities
that were already electrified because the DPC, the DPR, and the municipalities had not communicated
with each other, which has caused substantial costs due to wasted efforts.

The three countries should update the evaluation of their electrification projects properly by
considering the costs over the system’s lifetime (including the O&M costs).

4.2.2. Reliability

Economic sustainability requires that the solution remains operational during its lifetime. This is
particularly important for off-grid PV systems, as their initial investment is high, while O&M costs are
very low compared to other solutions. In Chile, PV systems often became unreliable (particularly in
small-scale projects), not only because technical standards are voluntary, but also because of the lack
of a decentralized agency (see above) to ensure O&M.

In Ecuador, several EDCs have also deployed off-grid PV systems with mixed results; successful
projects (in terms of reliability of the systems) were conducted by Ecuadorian EDCs that formed a
well trained team or special units focused on off-grid solutions [13]. However, the lack of local know-
how coupled with missing spare parts seriously compromised the reliability of the majority of off-grid
PV systems in Ecuador [74].

In Peru, the reliability of off-grid PV systems is still an issue. For instance, in two inspections
conducted by the energy regulator in 2011 and 2013, out of the 1110 systems, 34% were inoperative,
with the majority of broken systems stemming from public EDCs [75]. Part of the problem is the
widespread outsourcing: all Peruvian EDCs have outsourced both the installations and O&M services
to local firms or to users while disregarding the indispensable supervision and training of these firms.

Sustainability of off-grid PV systems requires ensuring funding for the initial investment and the
O&M of the systems over their lifetime. In the Andean countries, government intervention is in many
cases inevitable for ensuring funding, because the rural populations in remote areas are usually
extremely poor and cannot afford the systems or their O&M on their own (especially when access to
the rural households is difficult and the population density is particularly low).

The Andean countries have allocated significant resources to rural electrification in recent decades,
which has contributed to the great increase of the rural electrification rate (see Figure 1). However,
these sources of funding are generally not permanent, which makes it dependent on political changes.
This is particularly problematic in Chile and in Ecuador where initial investments for off-grid-systems
solely rely on the government budget.

In Chile, rural electrification funding can be changed every year by the regional governments (that
sponsors most of the off-grid projects in the country) when distributing its annual budget [76].
Although Ecuador used to have a cross-subsidy (the initial investment for rural electrification projects
was funded by a 10% tax added to the electricity tariff of urban inhabitants), since 2008 funds for rural
electrification depend on the national budget and have missed out for several succeeding years [77].

By contrast, funds for rural electrification in Peru come from a broader variety of sources (e.g., state

budget, utilities of energy companies of the electricity sector, external funds, sanctions, donations,
etc.) [4,78], which makes them less exposed to political changes.

137



4.2.4. Operation and Maintenance

According to numerous interviewees, O&M costs of off-grid PV systems significantly exceed the
spending capacity of inhabitants in remote areas of the three countries. Although their governments
appear to be aware of this fact, Chile and Ecuador have largely failed to ensure O&M funds even in
the case of government-sponsored off-grid projects. By contrast, Peru implemented a cross-subsidy
aimed at covering O&M costs of off-grid PV users. The system is based on a fee for clients with
higher energy consumptions (>100 kwh; usually from urban areas), and it favors poor households with
a monthly energy consumption of below 100 kWh [79].

The Peruvian cross-subsidy allows users of a 70 Wp off-grid PV system to pay a tariff of only about
US$2 (US$3 for users from private companies) per month [80]. Indeed, the Peruvian Ministry of
Energy has properly regulated the tariffs for both grid-connected and off-grid users. Moreover, when
O&M costs exceed the tariffs, the EDCs are compensated according to their real expenditures
(including costs of transportation to the communities, personnel costs, costs for spare parts, etc.). The
situation is different in Chile and Ecuador where no tariff regulation for off-grid users exists [42].

In Chile, the sponsor of the project (usually a regional government or municipality) may choose the
tariff. Often, the tariff per kWh for off-grid users is the same as that charged to grid-connected
neighbors [81]. Since the O&M costs of off-grid-systems in remote areas are relatively high, there is a
gap between the user tariff and the actual O&M costs that is not automatically covered in Chile.
Regional governments—being the sponsor of the off-grid projects in most cases—need to annually
request compensation to the CNE [82], which makes the programs vulnerable to political priorities.

In Ecuador, the sponsor and operator of off-grid projects is normally the EDC. These companies use to
apply the so-called “dignity tariff” for poor on-grid and off-grid users, which means that users with a
consumption below 130 kwh/month (110 kWh/month in the Andean highlands), only pay half of the
tariff charged to grid-connected users with higher consumptions [83]. However, several EDC
representatives in Ecuador complained that the gap between the user tariff and the actual O&M costs
is expected to be assumed by the EDC, which strongly disincentives the deployment of off-grid
solutions by these companies.

4.2.5. Productive Use

Chile exhibits some successful cases of off-grid PV-powered water pumps that have been adopted by
poor farmers in remote areas of the northern territory. Contrary, in Peru and Ecuador, off-grid
solutions for productive uses have so far been limited to projects of grid expansions and some isolated
pilot projects.

In Chile, a subdivision of the Chilean Ministry of Agriculture, the Agency for Agrarian Development
(INDAP by its Spanish abbreviation), promoted the substitution of water pumps powered by diesel
generators by PV-powered pumps [84]. Around 1400 systems were installed from 2012 to 2013
(investment: US$7.5 million). The success of the program may be related to the decentralized structure
of INDAP, whose personnel is in close and permanent contact with the farmers. This permanent
contact facilitated the basic training to the final users, and ultimately ensures the success of the
program [42]. Apart from INDAP, the Ministry of Agriculture has implemented a wide variety of pilot
projects aiming to repeat the success of the PV-powered pumps program.

In Ecuador, government initiatives of rural electrification aimed at productive uses are limited to one
microgrid project (10 mega Watts peak (mWp)) for households, schools, public lightning, and health
centers [85]. NPOs have also implemented several pilot projects for productive uses such as corn
dryers powered by PV energy, solar boats for transportation, and energy for milk collection centers.
However, representatives of the Ministry of Energy acknowledged that the main issue with productive
use projects is that the users still lack basic knowledge on energy uses and its potentials on the one
hand, and administrative skills to manage them on the other hand. To attain these skills,
interdisciplinary projects across different sectors (health, education, housing Ministry, etc.) become
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essential [86]. Unfortunately, the Ecuadorian Ministry of Energy appears to be unaware of this fact.

In Peru, the Ministry of Development and Social Inclusion (MIDIS by its Spanish abbreviation) was
created in 2010 to eradicate extreme poverty by implementing interdisciplinary projects (for water and
sanitation, electricity, local roads, and telecommunication) in the poorest and most remote areas of the
country [87]. However, according to a MIDIS representative, the Ministry’s initiatives have so far
focused on the project implementation without accompanying the community after the project
finished.

4.3. Environmental Sustainability
4.3.1. Environmental Awareness

Most interviewees of Ecuador and Peru agreed that environmental awareness is not widespread in their
country, neither on a government level, nor in civil society. In Ecuador, although environmental
protection is anchored in its current Constitution, the government recently decided to drill for oil in the
Yasuni National Park, one of the most biologically diverse forests located in the Ecuadorian Amazon
[88]. Similarly, in Peru, neither the creation of the Ministry of Environment (2008) nor the host of the
20th Conference of the Parties (COP 20) in 2014 could foster major progress in environmental
awareness. For example, overfishing, deforestation, degradation of soil and water bodies continue to
be substantial issues in the country [89,90]. Although part of the problem is the lack of experts on
environmental issues (e.g., in the Ministry of Environment) [91], social scientists reported that there is
also a lack of environmental awareness in civil society. Despite numerous environmental reforms and
educational programs, people’s behavior change towards more environmental friendly practices did
not occur yet [92].

In Chile, civil society (mainly the younger population) shows rising environmental awareness, which
resulted in several social movements opposing energy generation projects [93,94]. Nonetheless, their
motivation is still commonly limited to reducing local environmental effects (as people are directly
affected by some energy projects) [42]. Moreover, resistance is often not against non-RE generation
projects, but against any form of generation (RE and non-RE), like e.g., hydro-energy [95-99] or even
PV systems [42]. Like in Peru and Ecuador, Chilean politicians often lack awareness on broader and
long-term impacts related to climate change for example, and they are usually driven by ideological
and neoliberal ideas [100].

The lack of environmental awareness is particularly obvious in rural electrification efforts conducted
in the past by these three countries. Although the use of off-grid PV systems generate long-term
benefits for the environment in terms of pollution abatement, noise reduction, and climate change
mitigation (as opposed to contaminating technologies), the representatives in charge of rural
electrification acknowledged in all three countries that they do not account for these benefits in the
evaluation of rural electrification investments. Indeed, only direct costs determine the decision for a
rural electrification technology.

4.3.2. Environmental Impact

The oil drilling in the Peruvian and Ecuadorian Amazon basin has led to devastating impacts on the
rich biodiversity of this area, while the mining industry in the Chilean Atacama desert has affected
local/indigenous communities by exploiting the scarce water resources in the area [88,101-103]. The
rural electrification efforts based on off-grid systems may help to reduce the environmental co-impacts
in these areas. However, off-grid PV systems can also do harm, especially if waste (particularly the
batteries) disposal or treatment is not considered.

The battery disposal of the off-grid PV systems is not even regulated in Ecuador and Peru, while it is
voluntary in Chile. As a result, in Peru numerous batteries have been found abandoned in communities
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of remote areas [75], and in Ecuador batteries have even been buried by the users [13]. The
nonexistence of a recycling infrastructure for the batteries and the low environmental awareness of
users seem to be the main reasons for this behavior.

Negative environmental impacts arise not only from batteries. Unreliable systems (see above) have
also led to additional problems related to a proper disposal of solar modules. Unfortunately, recycling
of the systems is not regulated (neither considered in project designs) in the three countries, leading to
additional negative environmental impacts.

4.4. Socio-Cultural Sustainability
4.4.1. Equity (Disparity)

Though Peru is still behind, the rural electrification rates of all three countries have registered
substantial increases since the 1990s (see Figure 1). In spite of this positive trend, equity issues have
emerged, particularly in Peru: Indeed, despite of notable electrification achievements, awareness
regarding equity remains low in Peru, and the (EDCs) rejection of electrifying remote rural areas
became obvious during the interviews. Consequently, regions that are most vulnerable and hard to
reach have by far the lowest electrification rate [4].

In Chile, most rural communities have been electrified, but a (minimum) system capacity is not legally
fixed. Therefore, representatives of the Ministry of Energy confessed that communities that are better
organized and who placed higher requirements to the government usually received solutions with
higher capacities than those who did not make specific requests. This trend has led to indigenous
communities with a much lower electrification rate than other better organized ethnic groups [104].

In Ecuador, there is broader consensus on the importance of providing electricity for all. This may
explain why, in the early 1990, the rural electrification rate in Ecuador already exceeded Chile’s rate
despite of a much lower GDP per capita. An equity issue remains, however, as microgrids have been
installed to very few communities, while other communities without electricity still have to wait to
leave behind matches and candles [13].

In all three countries, energy tariffs still diverge between different user groups despite of the subsidies
for off-grid PV systems from the governments. For example, in Chile, users that were further away
from urban centers had to pay higher tariffs (on-grid and off-grid), because tariffs were based on
market conditions, and costs are higher in remote areas; this inequality has however been recently
corrected by a new law on tariff equity [105]. In Peru, notwithstanding the cross-subsidy tariff, off-
grid users with similar incomes but from different geographical areas still have varying electricity
prices per kW/h. In Ecuador, inequities persist since user tariffs are not even regulated for oft-grid PV
systems, such that tariffs are fixed individually by each EDC.

4.4.2. Accuracy

Meeting the specific local needs and considering the socio-cultural reality of each community to
assure accurate solutions has been an issue in the three countries for different reasons. In Ecuador, for
instance, the government installed microgrids (which are more difficult to maintain) in communities
where the necessary management skills to operate them are still lacking, thus making them
inappropriate for the local circumstances [106]. In other Ecuadorian projects, Solar Home Systems
(SHS) were installed without taking requirements of the community or needs of particular users (e.g.,
gender specific necessities) into account [74].

Chile and Peru faced accuracy issues regarding the capacity of the systems, which was usually too low
and hence not sufficient for the energy needs of the households. In Chile, this led to situations where
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the users only had 1.5-2 h of electricity per day and were forced to use their traditional energy sources
(candles, matches, or batteries) [71]. Nonetheless, Chile has recently acknowledged this shortcoming,
and is shifting from basic electrification to a more holistic “energization” approach. The latter also
targets the electrification of schools and health centers, providing systems with greater capacities
according to the users’ needs [42]. Furthermore, in Peru, the selection of technologies was often
random due to the lacking technological know-how of the sponsors.

4.4.3. Social Acceptance

Experiences with social acceptance were mixed in the three countries, depending on the extent to
which the local community was involved and participated in the projects.

In Ecuador, one of the few EDCs that successfully deployed off-grid PV systems got the community
involved by creating an electrification committee (consisting of the head of each beneficiary
household), a steering committee (members of the community to represent the EDC), and an elected
local officer in charge of accounting [83]. Although this successful approach was considered an
interesting model for the rest of country, it was not vigorously adopted by other EDCs [13].

In Chile, projects where communities were engaged, got organized, and actively helped to carry out
the project were the most successful ones. However, many Chilean communities rejected off-grid PV
systems because they previously heard about technical problems or restricted system capacities from
neighboring communities. The negative word of mouth and the imposition of solutions they did not
agree on made off-grid PV systems unacceptable for them [42].

In Peru, social scientists and NPOs explained that the difficult relation between the communities and
the mining industry had caused reluctance from the rural population towards “strangers”, such that
social acceptance of energy projects implemented by foreigners (i.e., NPOs or EDCs) is problematic
as a result of mistrust. Moreover, many projects conducted by Peruvian public EDCs that did not
properly engage the users (e.g., for clearing the users’ doubts) have been plagued by social acceptance
issues that turned into high default payments. The most successful off-grid projects in Peru have been
conducted by NPOs that worked with the communities, and adapted the technology to local needs.

4.4.4. Cultural Justice

The three Andean countries are culturally diverse, with multiple indigenous communities living in
remote and rural areas [107,108]. This diversity has been recognized in Chile, where public officials
and NPOs highlighted the need of respecting the local culture when implementing rural electrification
projects.

The situation is different in Peru and Ecuador where officials involved in national electrification
programs are unfortunately not yet aware of the relevance of culture for rural electrification [13]. In
Peru, cultural aspects are hardly mentioned in national rural electrification programs designed by
Peruvian officials (see for example [109]). In Ecuador, although the Constitution recognizes the rights
of ethnic groups, their cultural values are in fact not taken into account. For instance, nomad
indigenous communities in the Ecuadorian basin have been re-located to community centers built by
the government to reduce the dispersion of the inhabitants and to facilitate electrification more easily
[13].

4.5. Direct Comparison between the Andean Countries

Ecuador, Peru, and Chile have understood the need of a government intervention for providing
electrification by off-grid PV systems to inhabitants of remote areas, but their approaches have been
different. We have compared and rated these approaches regarding the indicators of sustainability
considered in this paper. A summary of the comparisons of the rural electrification efforts in the three
countries is illustrated in the spider graph in Figure 2, where the wider each point (for each indicator)
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is to the outside, the better its performance.

For instance, as shown by the indicator “funding” in Figure 2, we have highly rated the enormous
efforts that Peru has made to ensure the affordability of off-grid PV systems for rural electrification.
Indeed, the Peruvian administration has adopted a cross-subsidy scheme (which also aims to reduce
economic inequities), which makes the tariff affordable to the users by providing funds for both the
initial investment and the O&M of the systems. As opposed to Peru, Ecuador has no mechanism at all
aimed at subsidizing O&M costs over the lifetime of the off-grid PV systems, while in Chile funds
aimed at O&M are not ensured and need to be annually approved. Therefore, we rate the policies of
Chile and Ecuador lower than those in Peru regarding the indicator “funding” (see Figure 2).

. Stability _
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awareness Standards
. \ .y
Equity / Adaptability
T
Social Acceptance \i\é: Decentralization/
p // \ |/ Participation
B
Environmental \\\:/ /// / / Funding (Initial
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Cultural Justice Cost effectiveness
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ccuracy : eliability O Ecuador
Productive Use
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Figure 2. Assessment of approaches/policies in Chile, Ecuador, and Peru for rural electrification.
Source: Own elaboration.

Failure in ensuring funding for O&M makes off-grid PV systems for rural electrification inevitably
unreliable. This is why we have poorly rated the approaches/policies in Chile and Ecuador regarding
“Reliability”. However, the Peruvian case shows that ensuring the funding is not enough. Indeed, Peru
provides financial assistance for O&M, but the off-grid PV systems deployed in Peru have still been
unreliable. Causes are manifold, but the widespread outsourcing may have played a role; in Peru,
installation, O&M, and even supervision and control have been outsourced to small private firms,
which often do not have the required technical know-how.

Off-grid PV systems may be a cost-effective alternative for rural electrification in remote areas of the
Andean countries. This fact was recognized first by Peruvian authorities. In addition, lifecycle cost
calculations recently promoted by Chilean officials are leading to the substitution of diesel generators
by off-grid solutions. In Ecuador, authorities have not conducted any cost studies yet, such that we
evaluate the indicator “cost effectiveness” as poor.

As shown in Figure 2, we have rated the rural electrification approaches/policies for “Environmental
awareness” and “Environmental impact” as poor in Chile, Ecuador, and Peru. Indeed, environmental
awareness is still low in the three cases, though Chile came off better thanks to its younger population.
However, due to lacking awareness, potential negative environmental impacts from off-grid PV
systems (such as the battery disposal) have not been considered in the three countries.
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Successful projects for rural electrification based on off-grid PV systems show the importance of
respecting and taking the socio-cultural reality of each community into account. However, this has not
yet been acknowledged in Peru and Ecuador. In these countries, the culture of the communities is
often not considered in the design and implementation of the projects, which in turn has led to
inaccurate solutions (i.e., too small power capacities), mistrust, and ultimately to the rejection of
projects in Peru. Although in Ecuador the Constitution proclaimed special rights to indigenous people
for cultural justice, these rights are not considered in the projects, such that de facto they do not exist.
Indeed, there is a discrepancy between their claims (what is officially stated) and reality (how the
policies are implemented). This is why we have poorly rated the approaches/policies in Ecuador and
Peru for rural electrification regarding “Cultural Justice”, “Social acceptance” and “Accuracy”.
Chileans on the other hand perform better on these indicators, since they appear to have understood
the importance of respecting the cultural values of the communities not only on paper, but also in the
implementation of the projects. Moreover, Chile is currently improving the accuracy of its solutions
for rural electrification by considering the users’ energy needs in the design of the projects.

We evaluate the Chilean and Ecuadorian “Equity” policies positively, given the awareness among all
actors of the need to electrify the whole country. However, disparities remain in the power capacity of
the deployed systems in Chile, as better-organized communities have greater chances of receiving off-
grid solutions with a higher power capacity. Peru on the other hand performs poor on this indicator
despite of the cross subsidy tariff, as awareness on equity in rural electrification was found to be low
among the actors who implement the projects. Neoliberal policies embraced in Chile and Peru may
partially explain the lack of awareness for equity in Peru, and the approach used in Chile to privilege
better-organized communities.

Strengthened and stable formal institutions have shown to be a precondition for ensuring the
sustainability of projects for rural electrification based on off-grid PV systems. Chile outperforms Peru
and Ecuador in the “stability” of its institutions. The instability of institutions in the latter cases
became apparent in terms of changing decision makers (Peruvian case) or the substitution of whole
organizations (several Ministries in Ecuador). Institutional instability has resulted in inconsistent laws
or lacking regulations; furthermore, it has made the enforcement of the few adopted regulations
difficult and provided incentives for opportunistic behavior (since people expect rules and regulators
to disappear). The causes of institutional instability are often complex and manifold, but, in both
countries, it seems that mistrust in institutions may be playing an important role. This is why we
poorly rate both Peru and Ecuador on their institutional “stability” and “regulations”.

Successful off-grid PV projects for rural electrification have shown the importance of having a strong
formal institution (such as an agency) with a flexible and decentralized structure, able to adapt to the
(changing) circumstances. A decentralized agency may contribute to the transfer of know-how to rural
areas and better engage the communities. The lack of such an agency in Peru explains its poor score
on “adaptability”. In this regard Ecuador is in better shape, since the ongoing merging of the 11 EDCs
may allow them to create a stronger institution, but only if a decentralized structure is maintained and
the operation at a local level remains reasonably flexible. Chile also missed to establish a decentralized
rural electrification agency for residential systems, but it has some agencies (such as INDAP) that
have shown remarkable adaptability and have promoted the successful adoption of off-grid solutions
aimed at productive use in rural communities. The program of PV-powered water pumps successfully
sponsored by INDAP therefore explains Chile’s high rate on “productive use”.

Decentralization (understood as the transfer of funds and responsibilities to local officials) may
facilitate the engagement of the communities and improve the accuracy. However, projects sponsored
by local official (such as municipalities) in the Andean countries show that if decentralization is not
accompanied by the transfer of know-how, projects can quickly become unsustainable. All three
countries have made attempts of decentralization to different degrees, but all of them have failed to
accompany their financial/administrative decentralization with the indispensible transfer of know-how
to local players. Moreover, numerous NGO initiatives in the three countries have demonstrated that a
participative approach and the engagement of the communities prevent alienation and contribute to the
sustainability of the rural electrification projects based on off-grid systems. However, openness to
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participation of the communities is not widespread in the Andean countries and therefore additional
efforts are required regarding “decentralization and participation”.

5. Discussion

Ecuador, Peru and Chile share similar challenges for electrifying remote areas where a grid expansion
may be unviable. In these areas, the countries have deployed off-grid solutions for electrification.
Inhabitants of these areas are culturally diverse and have dissimilar necessities, but they are
predominantly poor and unable to afford neither the initial investment nor the O&M of off-grid PV
systems.

In this paper, we critically assess the sustainably of rural electrification programs (based on off-grid
PV systems) in these Andean countries. Our assessment was based on a set of indicators
corresponding to the four dimensions of sustainability considered in this study: institutional,
economical, environmental, and socio-cultural. These dimensions are strongly interwoven and are
deeply interdependent.

Therefore, ensuring the sustainability of off-grid PV systems requires a multidimensional and
integrated approach. For instance, Peru strongly focused on parts of the economic dimension by
allocating funds to the systems’ initial investment costs as well as to the O&M costs. However, this
one-dimensional approach frequently led to project failures, payment defaults, and inhibited seizing
opportunities regarding productive uses of off-grid PV systems. Part of the problem was that Peruvian
officials consistently ignored the participation and engagement of the communities such that, despite
the allocation of O&M funding, the systems turned to be unreliable. As the short operational period of
the systems could not compensate for the investment, the lack of attention to the socio-cultural
dimension of sustainability has in turn made the projects in Peru economically unsustainable.

Those cases in which a multidimensional and integrated approach was applied exhibited remarkable
success. For example, the PV-powered water pump program conducted by INDAP in Chile boosted
the productivity of small farmers in remote areas of the country, thus increasing their income, and
allowing them to cover the O&M costs of the systems. The multidimensionality of the program
explains its success. It was sponsored and conducted by a decentralized agency whose employees
work in close contact with farmers. Its structure, adapted to the farmers’ local conditions, allowed the
agency to quickly respond to issues, and to provide accurate solutions according to the users’ real
needs, which in turn led to social acceptance.

The success of the PV-powered water pump program in Chile shows how strong and decentralized
formal institutions are fundamental for ensuring the accuracy and reliability of the systems,
transferring the required know-how, facilitating the productive use of the energy, and gaining the
social acceptance. Indeed, the decentralized structure of INDAP with its employees working in close
contact with final users, could serve as a model for other countries. These lessons are particularly
important considering the recentralization plans in Ecuador (where the 11 EDCs are merged to one
EDC). Although this fusion may facilitate the sharing of know-how and economies of scales, it may be
significantly negative for rural electrification efforts in Ecuador if it implies losing adaptability of the
resulting single EDC, further restricting the engagement between the ground operatives and final
users.

Boosting productive activities explains Ecuador’s plans to deploy microgrids for rural electrification
(whose capacity may power a community of dozens of inhabitants). Although increasing the income
of the community appears to be laudable, it arises an equity dilemma: If project funds for rural
electrification are limited, a more expensive solution with a higher capacity could only be provided to
a very limited number of communities, while others may have to wait for years to get electrified. This
dilemma underlines the interdependency of sustainability dimensions and highlights the need for a
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balanced multidimensional approach for ensuring the sustainability of off-grid PV systems. However,
as shown in Figure 2, some countries have paid more attention to some dimensions than others, but the
three analyzed countries have consistently ignored the importance of the institutional dimension.

Indeed, the absence of strengthened and stable formal institutions appears to be a major drawback in
the Andean countries that, by inhibiting law enforcement, also compromises the environmental and
socio-cultural sustainability of rural electrification efforts. This problem is particularly apparent in
Ecuador where institutional instability has led to changing regulations that are often inconsistent with
the Constitution. For instance, although anchored in the Constitution, both environmental protection
and indigenous rights are frequently disregarded by Ecuadorian decision makers. Moreover, in Peru,
people’s distrust in formal institutions has negatively affected the social acceptance of rural
electrification projects. Chile, in contrast, has more stable institutions than its peers, but its highly
centralized policies as well as a neoliberal vision embraced by the Chilean administrations constrain
the operative role of its formal institutions. Some small-scale projects in Chile failed due to the lack of
a decentralized public agency focused on ensuring the O&M of the installed systems.

The analyzed cases highlight the fact that the dimensions of the sustainability (institutional,
economical, environmental, and socio-cultural) are strongly interwoven and are deeply interdependent.
As shown above, successful rural electrification projects (based on off-grid PV systems) in the Andean
countries were those within which all the dimensions of the sustainability are ensured. Therefore,
ensuring the sustainability of rural electrification projects in Ecuador, Peru and Chile (and likely in
any other country) requires an integrated and holistic approach.
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7 Conclusions and Outlook

The research question “Are the rural electrification programs (based on off-grid PV Systems) in the
Andean countries sustainable?” was assessed by breaking the thesis down into three main sections: a
generic literature review (Paper 1), an empirical part (Papers 2, 3, and 4), and a comparative analysis
(Paper 5).

Formal institutions, characterized by their stability (durability) and their enforcement, tended to be low
in DCs worldwide, which is problematic for the sustainability of off-grid PV systems. This was also an
issue in the three analyzed countries, and in particular in Ecuador, which was plagued by disruptive
changes in electrification policies, weak enforcement of the constitutional rights regarding energy, and
a feeble coherence of the legal frame in rural electrification.

The existence of a regulatory agency can help to enhance the sustainability. However, the enforcement
of these formal institutions strongly depends on informal institutions, such that adopting formal
institutions, as well as ensuring their enforcement is indispensable for sustainable rural electrification
based on off-grid PV systems. The institutional separation of the Peruvian rural electrification into two
separate agencies with similar competences inhibited this adaptation. Similarly, the lack of a
decentralized public RE agency in Chile to oversee the O&M of the off-grid PV systems threatened
the sustainability of the projects.

Adapting to the local needs of the rural population may be reached by decentralization, which is meant
to facilitate adaptability based on participative decision-making. However, many cases worldwide
have shown that decentralization may also increase the risk of a weak coordination between local and
national governments and the lack of expert know-how (often not available in remote areas). Indeed,
the capacities on the regional and local scale on RE projects were basically non-existent in all three
analyzed countries, resulting in unreliable systems. Ecuador therefore initiated an administrative
recentralization process to take advantage of the know-how from some of their electricity distribution
companies (EDCs).

Global experiences have shown that the unavailability of financial products (such as microcredits) and
the higher initial investment of PV systems make off-grid PV solutions unattainable for rural
households in DCs, and often force the poor population to choose costly alternatives. Hence, an
effective focalized subsidy scheme is needed for disperse and poor rural areas, but unfortunately
numerous project failures could be ascribed to the lack of funds for covering O&M. Peru on the other
hand has established a financially sustainable model based on cross-subsidies to make the systems
affordable to the poor; the model also assures the compensation of all O&M costs to the EDCs, and
may therefore be adopted by other countries.

Although electrification is expected to contribute to a higher income of the users, several cases
worldwide show that the provision of electricity does not automatically lead to productive uses
(mainly owing to the lack of user know-how and proper training). Indeed, neither Peru nor Ecuador
was able to implement projects based on off-grid PV systems for productive uses. The Chilean case of
the PV-powered water pumps program from the Ministry of Agriculture on the other hand offers an
example of how off-grid RE may successfully contribute to the income of its users.

The global review of off-grid PV programs for rural electrification have also revealed that even
presumably clean technologies may become environmentally unsustainable (e.g., by missing to ensure
recycling and proper disposal of PV modules and batteries) in the context of the scarcity of
environmental awareness and regulations, weak enforcement of regulations, and the lack of incentives.
These challenges were ratified in the three analyzed countries, where environmental awareness was
still low, and potential negative environmental impacts from off-grid PV systems were not considered.

As several cases worldwide have shown, an understanding of the rural lifestyle is needed to tailor a

technology and improving the accuracy, reducing in turn user rejection and deception. Albeit small-
scale energy approaches may have a higher social acceptance than large-scale solutions, a lack of
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communication concerning the applications and limitations of off-grid PV systems have repetitively
led to false expectations and negative perceptions, thus constraining their social acceptance. Indeed,
inaccurate low-capacity systems have also caused the rejection of off-grid PV solutions in the three
countries, though Chile has recently changed its policy from an electrification approach to a more
holistic “energization” approach, aiming to consider the users’ energy needs in the design of the
projects.

The global review found furthermore that the culture of small rural communities is often not
considered in the execution of public policies in DCs. This issue was particularly alarming in Ecuador
and Peru, where the ignorance of culture (especially of indigenous communities) caused mistrust and
the abandonment of the PV systems.

Although the dimensions of sustainability (institutional, economic, environmental and socio-cultural)
are strongly interwoven and are deeply interdependent, prior experiences have underlined the
importance of paying special attention to the institutional dimension. Indeed, the absence of
strengthened and sustainable formal institutions appears to be a major drawback in DCs that, by
inhibiting law enforcement, compromises the environmental and socio-cultural sustainability of rural
electrification efforts, especially in rural areas.

This holds also true in the Andean countries: Although Chile, Ecuador, and Peru handle each
challenge of rural electrification differently and with different degrees of success, my results indicate
that a major obstacle for sustainable rural electrification in the Andean region have been the weak and
changing institutions associated with rural electrification in all three countries (though Chile was
found to have stronger and more stable institutions than its peers).

In any way, the review on global efforts on rural electrification has shown that ensuring sustainability
requires an integrated and multidimensional approach. The findings from the three Andean countries
have ratified this: For instance, Peru strongly focused on the economic dimension by covering the
initial investment costs as well as the O&M costs, but ignored the participation and engagement of the
communities. This one-dimensional approach has frequently led to project failures, payment defaults,
and inhibited seizing opportunities regarding productive uses of off-grid PV systems.

This thesis has shown that the qualitative assessment of the multidimensional indicators of
sustainability can facilitate a better understanding of the flaws affecting rural electrification projects.
Though several studies have already proposed using quantitative indicators for measuring
sustainability in rural electrification, this thesis has demonstrated that a qualitative assessment can be
striking for understanding the issues behind unsustainable practices. For instance, although laws and
regulations are established (even in a country's constitution), this does not mean that they are actually
enforced and complied with in practice. Different and complex temporal courses are often hard to
measure quantitatively, especially in environments where political changes are frequent. Moreover, the
advantage of complementing quantitative with qualitative indicators lies in the fact that the latter are
much more capable of illustrating the interwoven and deeply interdependent connections between
indicators and dimensions. Indeed, quantitative indicators tend to measure only one isolated aspect of an
issue, whereas sustainability in rural electrification demands for a broader understanding of the problem
and the impacts of one indicator on the other indicators/dimensions.

This thesis has also exposed the importance of the institutional dimension for ensuring the sustainability
of rural electrification projects. Institutional sustainability was previously identified as a key component
of sustainable energy planning in general (Derakhshan, 2011), and has also been included in several prior
studies on rural electrification (e.g. Ilskog, 2005). Still, systematic analyses of the role of institutions and
the strength of formal institutions (as defined by Levitsky and Murillo, 2009) for rural electrification
efforts are still scarce so far. This is particularly important in DCs, where institutions or organizations
cannot be simply substituted by new institutions, as it may sometimes be the case in developed
countries (e.g. in highly competitive fields). Future research may therefore consider paying special
attention to the role of institutional sustainability for rural electrification.
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Based on the finding from this thesis, I consider that the method (qualitative assessment of the
multidimensional indicators of sustainability) applied throughout the thesis can also be helpful for
future studies to assess the sustainability of off-grid PV systems in other countries. Indeed, it would be
interesting to investigate how countries from other continents perform on each indicator, and if
political, geographical, or cultural patterns can be deduced. It may also be useful for governments or
NGOs to make a diagnosis of current issues in rural electrification for a particular country, and to
develop a sustainable strategy for an off-grid PV program.

Future studies may moreover adapt the method to other RE technologies by adding/removing
indicators according to the particularities of a technology. In fact, it would be interesting to see if other
renewable technologies in rural electrification confront similar challenges within a country and make a
contrast between them.
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