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Abstract: Access to reliable and affordable energy is vital for sustainable development. In the off-grid
areas of developing countries, decentralized energy solutions have received increasing attention due
to their contributions to reducing poverty. However, most of the rural population in many developing
countries still has little or no access to modern energy technologies. This paper assesses the factors
that determine the successes and failures of decentralized energy solutions based on local harmonized
case studies from heterogeneous contexts from Asia, sub-Saharan Africa, and South America. The case
studies were analyzed through the coupled lenses of energy transition and the Water–Energy–Food
Security (WEF) Nexus. The findings indicate that access to modern decentralized energy solutions
has not resulted in complete energy transitions due to various tradeoffs with the other domains of
the WEF Nexus. On the other hand, the case studies point at the potential for improvements in food
security, incomes, health, the empowerment of women, and resource conservation when synergies
between decentralized energy solutions and other components of the WEF Nexus are present.

Keywords: decentralized energy; Water-Energy-Food Security (WEF) Nexus

1. Introduction

Access to modern, affordable energy services, which encompass access to electricity and clean
cooking technologies, is one of the necessary inputs for the achievement of Sustainable Development
Goals (SDGs). Nowadays, over 1.3 billion people still lack access to electricity, and 2.6 billion people
are without clean cooking technologies [1]. A lack of clean, affordable, and sustainable energy
is linked with household and community welfare in multifaceted ways [2]. For example, many low
income and off-grid households in developing countries rely on traditional biomass for their energy
needs [3]. Several studies find that this is often associated with womens’ drudgery, the withdrawal of
children from school, health hazards from indoor air pollution, deforestation, soil erosion, and a loss
of biodiversity and related negative impacts on ecology and food security (for example, a trade-off
between food production and fuelwood collection in terms of family labor allocation) [4–9].

Despite recent improvements in electrification, and expanded access to more efficient cooking
fuels in developing regions, energy access still remains a pressing problem [10], especially in the rural
areas of developing countries [1]. In this context, decentralized energy solutions (DES) can significantly
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contribute towards universal access to modern energy services. However, the adoption of modern DES
by rural households and communities in developing countries has mostly been constrained due to
upfront costs, a lack of financing opportunities, and a lack of technical capabilities [11]. DES are local
transformations of renewable resources (wind, solar radiation, biomass, and small hydropower) into
electricity or thermal energy. Although DES could vary considerably in scale, the focus of this paper
is on small scale DES used at the level of households and communities.

Attaining SDGs requires the availability of adequate energy beyond residential energy uses,
including for the needs of community institutions such as health care centers, schools, and for operating
water services, and telephone and internet communications. Nevertheless, a lack of modern energy
services is only a part of the problem for the achievement of SDGs, since rural households and
communities are also facing water and food security challenges. This, combined with exponential
population growth and increasing pressures on natural resources, requires policy actions promoting
a more efficient use of these scarce resources [4,12,13]. Hence, an improved understanding of DES
within the framework of the Water–Energy–Food Security (WEF) Nexus can provide an innovative and
more comprehensive insight into the role of modern energy services, and can lead to new solutions for
sustainable development [5,12–14].

Although many studies have evaluated the successes and failures of DES, most of them have
focused on isolated aspects and missed important interlinkages along the WEF Nexus’ dimensions.
Many studies have attempted to evaluate the performance of DES by focusing on a given community
(geography), on a single energy technology, and only on “socio-economic”, “socio-technologic”,
or “ecological technology” aspects [11,15]. Therefore, in the face of complicated challenges, to achieve
positive impacts such as poverty reduction, the empowerment of women, enhanced food security,
human and environmental health, and to satisfy long-term sustainability needs, DES should
be perceived as an integral part of the WEF Nexus [5,14,16]. Yet, both the previous research, as well
as policies and development interventions, have overlooked the critical links of DES in the WEF
Nexus framework. These links need to be adequately integrated into energy policy designs to support
rural development.

There are two gaps in the literature that served as the motivation for this study. First, so far
there have been only a scant number of cross-country studies on the failures and successes of DES
in developing countries. Second, DES is an important component of the WEF Nexus, but little is known
about the barriers and incentives for DES in connection to the other components of the WEF Nexus.

Therefore, this paper seeks to answer two research questions. The first is: what are the water
and food interlinkages of (selected) DES? The second is: what are the incentives and barriers for
the successful adoption of DES under the WEF Nexus?

2. Background

2.1. DES and the Water–Energy–Food Security Nexus

It is widely recognized that the water, energy, and food sectors have strong interconnections and
interdependencies [12]. To illustrate, energy is used in agricultural production for irrigation, water
pumping, mechanized agriculture, and post-harvest processing and transportation [17]. The water and
energy footprints of food production were found to be significant at all scales (locally, nationally, and
globally) [18]. Besides, poor agricultural practices (leading to soil erosion or deforestation) were found
to negatively affect the availability and quality of water resources [6,17]. Energy and food production
activities also compete for land and water resources, which may, consequently, lead to food-fuel tradeoffs.
At the same time, DES play an important role in water treatment and addressing clean water availability
problems in the remote communities of developing countries. However, there are a number of challenges
related to the use of modern DES, such as limited local capacity (for example, a lack of skilled labor),
a lack of spare parts, high upfront costs, inappropriate designs, and other socio-economic factors [19].
Policy actions are required for jointly addressing the challenges of climate change, sustainable natural
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resource management, access to energy, and improving agricultural productivity [20], and to support
investments in technologies for improving water productivity and agricultural energy use efficiency [19].
Therefore, a joint solution for exploiting the synergies and reducing the risks of trade-offs of DES within
the WEF Nexus is necessary, as neglecting the interconnectedness of DES and the overall WEF Nexus
may lead to suboptimal outcomes [21].

2.2. Energy Transitions

To understand the problem of the low diffusion of modern DES and their linkages with
the WEF Nexus in developing countries, it is important to understand rural energy demand.
In low income countries, most of the household energy consumption is thermal energy, with very
little electricity consumption [22]. Thermal energy is necessary to fulfill very basic human needs
(food, heat), while electricity access depends on rural households’ income [23]. There are rich debates
on the household energy transition concepts in the literature [4,5]. The major debate is on whether
the energy transition process follows the energy ladder or the energy stacking. The energy ladder
conceptualizes energy choice as a linear step-by-step transition process with increases in income,
and assumes that energy users with rising incomes abandon the less efficient and cheaper traditional
biomass and shift to intermediate energy sources (charcoal and coal); and then to modern, safer,
and more efficient energy sources like electricity [24,25]. In contrast, the energy stacking states
that energy consumers use multiple energy sources, and their choice is modulated by a multitude
of socio-economic and cultural preferences beyond income [4,26–28]. A potential for an “energy
leapfrogging “concept, involving a bypass of conventional energy and a leap directly to more efficient,
safer, and environmentally friendlier energy technologies, was also discussed in the literature [29,30].
Energy technology “leapfrogging“, however, appears to be very challenging because it needs
a simultaneous institutional “leapfrogging“ [26,29].

2.3. Successes and Failures of DES in Energy Transition

Energy supply in rural communities is complex, and is not a simple selection of a technology but
also involves multiple criteria with a strong link to livelihoods [31]. The performance of DES depends
on the political setting, socio-cultural traditions, cooperation among multiple stakeholders, and legal
rules and regulations [15,32]. Community participation is a key factor that reduces bureaucracy and
transaction costs [33]. Similar to other investments, community participation is believed to improve
the long term sustainability of decentralized energy projects [34]. For instance, community participation
and local knowledge were found to have a determining role for the success of decentralized
energy projects in Bolivia [35], India [36], and Brazil [37].However, DES in developing countries
are often initiated and established with assistances from outside (government, non-governmental
or international donors and partners) [11,34], making them susceptible to uncertainty without
the continued support of outsiders. Community-based approaches through empowering and creating
local participation in the planning and execution of DES projects would enable direct control by
local players in the monitoring and management of resources to improve the sustainability of
investment decisions [38].The community approach has been considered as a valid alternative to
the government- and market-based provision of energy [39]. However, community-based energy
investments also face complex barriers. In order to increase the stability and predictability of DES,
institutional organizations should be established to facilitate discussions among different government
levels’ actors and enable communities to play a role [40]. Thus, structured legal rules and binding
contracts are critical factors for the success of DES. On the other hand, DES can enhance local
governance capacities, because decentralization increases the “space for local actors“ [39].

Despite the economic benefits of decentralized energy, there is mixed evidence on its ecological
sustainability. DES such as biogas, improved cook stoves, micro hydropower, and solar power
were found to help rural communities in Nepal to reduce their carbon emissions [40]. In contrast,
a study in Guizhou, China, on micro hydropower (MHP) evaluated the cost of the project and indicated
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that the eco-friendliness of the project remains highly contested due to the impact on the downstream
drying up of the river, and recommended a cautious approach to maximize the benefits and mitigate
negative ecological impacts [41].

In off-grid communities in developing countries, the conventional diesel electricity generation
can be cost-effectively substituted by renewable sources [42,43]. Decentralized biomass energy
in remote rural communities of Colombia was found to reduce the system’s net cost and
carbon emissions [43], because it reduces the transportation cost and supports sustainable local
development. Extended payment schedules, low interest rates, and taxes improve household electricity
affordability [44]. A lack of credit is one of the key determinants of the long-term sustainability of
DES, and encompasses not only an upfront installation cost, but also the costs of operation and
management of the projects over time. Small scale DES are often discriminated against by the capital
markets. A cross-country study indicated that financing local energy technology development
was constrained by a limited length and amount of funding [15]. Government and donor organizations
play a crucial role in controlling the technological specifications and/or supporting project subsidies
for installations [45]. Community-focused microfinance schemes for low income clients were found to
help tackle the financial barriers [46].

3. Conceptual Framework

The conceptual framework guiding this study is depicted in Figure 1.The conceptual framework
highlights the interconnectedness of DES within the WEF Nexus and links the energy transitions and
the WEF Nexus at the household and community levels from DES perspectives.

DES are a means of energy provision for households and communities affecting the WEF Nexus,
but also a tool for energy transition. The WEF Nexus, adoption of DES, and energy transition
are affected by common contextual factors that could be broadly categorized as economic, social,
environmental, technological, policy-related, and institutional. Economic factors refer to financial and
market aspects, including resource scarcities and relative factors prices, which influence the adoption
of DES, energy transition, and the externalities of the WEF Nexus’ interactions. Social factors refer
to cultural and social dimensions affecting energy and water use, food systems, their interactions,
as well as people’s knowledge of the use and perceptions of DES. For example, as highlighted earlier,
community participation often plays a key role in DES adoption. Political and institutional factors
encompass the regulatory and political, as well as institutional aspects. Environmental factors refer
to biophysical factors, such as climate, agro-ecologies, and soils affecting DES, energy transition,
and the WEF Nexus through shaping relative resource scarcities [11,15]. Such broad categorization
also allows for the implicit inclusion of numerous specific factors such as access to markets, access
to rural advisory services and credit, land tenure security, the existence or lack of property rights
to water, etc. under these broad categories [47].These contextual factors were identified based on
the reviewed literature. These contextual factors and their various interactions serve either as catalysts
or barriers for DES adoption and energy transitions, and also shape the tradeoffs and synergies within
the WEF Nexus, with significant impacts on the outcomes in terms of human and social wellbeing
identified through food security, energy security, poverty reduction, environmental conservation,
and the improvement of quality of life for rural households and communities. These outcome
variables were selected to highlight the WEF Nexus’ priorities, which seek to enhance food and
energy security, environmental conservation through increased resource use efficiency, as well as
the expected implications of energy transitions on poverty reduction and human health (e.g., through
lower indoor air pollution). The relationships between DES, contextual factors, energy transition, and
the WEF Nexus are, in most cases, expected to be endogenous, i.e., with multiple feedbacks; hence,
they are depicted with two-sided arrows.

The proposed conceptual framework allows us to identify the links between the studied DES and
the broader WEF Nexus and energy transition processes, helping us to understand their actual and
potential implications on human and social wellbeing.
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4. Materials and Methods

This paper employs a qualitative case study methodology [48] to study the complex interactions
between DES, the WEF Nexus, and energy transitions within their contexts to understand the specific
underlying factors behind successes and failures of DES, as well their impacts on the WEF Nexus
and energy transition. Case studies are a widely practiced tool in policy studies because of their
flexibility. Case studies are especially relevant when the studied phenomena are not easily separable
from their contexts [48]. At the same time, the selection of case studies from heterogeneous settings
and examining them using a standardized analytical framework can contribute to more generalizable
insights when findings from these diverse settings point to similar conclusions. Therefore, the selection
of the case studies in this paper was guided by the objective to learn from the heterogeneities of
DES in different local contexts in developing countries. The selected locations represent different
geographic, socio-economic, and institutional contexts from China, Ethiopia, Ecuador, India, and
Nepal. As a result, they have different experiences of successes and failures, cover one or more rural
energy use (electricity, cooking, heating), and various energy technologies (improved cook stove,
bioenergy, hybrid technologies etc.). Hence, these case studies incorporated four major renewable
energy sources: biomass, hydro, solar, and wind. Of the technologies, biogas and improved cook
stove (ICS) are on the household level, whereas the micro-hydro, wind–solar hybrid, biomass gasifier,
and jatropha oil expeller are managed at the community level.

While conducting the case studies, a wide variety of information and data sources were utilized.
This included reviews, published research articles, project documents, and other secondary data,
as well as our own empirical observations.

5. Results

5.1. Case Study 1: Household Biogas Digester Project in Chunfeng Village in China

Implementation: Chunfeng Village is located in the mountainous areas of Junlian County at
the border of Sichuan Province and Yunnan Province. It covers an area of 347 ha, among which
the area of arable land is 267 ha. There are 203 households with total population of 864 people [49].
People living there at one time depended heavily on firewood and coal for cooking. The direct
combustion of these types of energy caused many serious consequences such as indoor air pollution
and environmental damage. In order to improve rural living standards and to reduce the pollution
from rural energy use, the Ministry of Agriculture (MOA) started the “Prosperous ecofarmyards ”plan
in 2000 [50]. As the “core instrument” of this plan, the household-based biogas digester construction
project was promoted in Chunfeng Village from 2003 onward. By 2013, 136 biogas digesters had been
built in Chunfeng Village. The penetration of biogas had been about 72% [51].

Description of technologies or products and services: In the process of the implementation of
the household-based biogas digester construction project, the required size of the biogas digesters
was found to be on average 8–10 m3 [51]. Fiberglass-Reinforced Plastic (FRP) dome cover digesters
were promoted in Chunfeng Village. Compared with other types of digesters, the FRP digester can
produce at least a third more biogas using the same amount of feedstock. Also, the household biogas
digester project emphasizes a three-in-one ecological agriculture mode of “pig rising - biogas digester
- orchard cultivation”. The system consists of a sanitary toilet/livestock house (pig sty), a biogas
digester (with stove in kitchen), and an orchard (field). The human and animal wastes are used as
feedstock to produce biogas, which is then used as cooking fuel [51]. The biogas slurry and residues
can be used as a fertilizer, while the anaerobic digestion effluents can be used to feed pigs in a mixture
with fodders.

Barriers and enablers: In order to boost households’ motivation to use biogas, subsidies
were provided by central and local governments to the households in Chunfeng Village for building
new domestic biogas digesters. Nevertheless, barriers hindering the further development of
the household biogas project still exist. Too little attention has been given to the quality as opposed
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to quantity in the infrastructure’s construction due to the overemphasis on low-cost construction,
resulting in the short service life of the digesters and the stoves. A lack of sufficient knowledge and
skills regarding effective operation and management as well as enough services for maintenance at
a household level may cause the disuse of the digesters. In addition, the new biogas technologies
cannot be applied in practice and popularized in bigger scales, due to a lack of matching policies and
institutional arrangements.

WEF Nexus linkages: With respect to the effects of biogas use on water resources, the household
biogas digester project not only mitigated the contamination of drinking water by human and
animal fecal matter [50], but also reduced the pollution of local surface and ground water caused by
using chemical fertilizers and pesticides [52]. Additionally, the use of biogas instead of firewood
protects forests, and thus can help avoid damage to watersheds caused by deforestation and
an excessive exploitation of forest resources [53]. On the other hand, the “three-in-one” mode changed
the traditional agricultural production methods, promoting the development of a courtyard economy
and the improvement of food production efficiency. It reduced the food production cost by decreasing
households’ expenditure on chemical fertilizers. The high-quality sludge-like organic fertilizers
(i.e., anaerobic digestion residues and effluents) were applied to backyard orchards or nearby fields to
produce more food without the pollution caused by the chemical elements [53]. Moreover, the use
of biogas reduced the need for crops of straw and firewood, and therefore reduced the time spent
on collecting and processing them, and thus freed household labor from the workload of biomass
collection so it could be put to food production [54].

5.2. Case Study 2: Improved Cook Stoves Experiences in Ecuador

Implementation: In 2010, improved cook stoves (ICS) were distributed among 800 rural and
isolated households in the highland region of the Ecuadorian Andes. This is the biggest experience
documented in Ecuador so far on ICS distribution. This initiative was driven to tackle precarious and
unhealthy cooking conditions, high rates of deforestation in the Andean communities, and to provide
an alternative to the costly and often unavailable Liquid Petroleum Gas (LGP), which is the main
subsidized source for cooking in Ecuador [55].

Description of technologies or products and services: The fixed ICS had two cooktops and
a chimney, was built with adobe and bricks, and based on a certified model implemented in similar
conditions in Peru [55]. After six months of their implementation, the impacts documented by [55]
were: (i) an average reduction of wood consumption for cooking of 40% with a maximum value of 70%;
(ii) improvements in cooking conditions (i.e., better position to cook, less time for cooking, less risk for
fire accidents, and physical modifications of kitchens including painting, shelves, household landfills,
and eco-refrigerators); (iii) the initiation of healthy practices for cooking and eating (i.e., consumption
of boiled water, animals out of the kitchen, wash hands before eating, and cleaning the kitchen and
house); (iv) improved health conditions of women and children (i.e., less pain in the eyes, headaches,
and throat pains); and (v) allowed for social gatherings in kitchens thanks to the warm temperature
and cleanliness.

Barriers and enablers: ICS implementation and adoption was inhibited by multiple factors [55]:
(i) low interest in ICS because of a strong bond to traditional cooking practices, and a belief that
the present cooking situation was not burdening on health;(ii) influential people’s distrust about
the project’s intentions because it was perceived to have hidden government strategies to increase
the cost of LPG, previous bad experiences with ICS in neighboring communities, and husbands’
mistrust strongly preventing wives’ participation;(iii) a lack of local providers of ICS parts (hot plate)
delayed the construction of ICS affecting again people’s trust; and (iv) the difficult initial use of
ICS led to higher wood consumption, more time required for cooking, and problems with smoke.
To tackle these problems, different strategies and drivers were identified [55]: (i) a communication
plan, the participation of local leaders (i.e., “guide mothers”), and installing pilot ICS in selected
households to enhance the trustfulness and the project’s acceptance, especially among husbands,
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which also ensured knowledge transfer on the maintenance and use of ICS;(ii) the participation of local
and communal governments was key for funding access and project implementation;(iii) the success
of ICS attracted new users; reinforcing the acceptance of and local demand for ICS;(iv) a local industry
reinforced with strong government support and policies is required to scale up ICS in the region; and
(v) further research on the ICS’s design and application suitable for the Andean region is needed.

WEF Nexus linkages: The reduction of wood consumption has an impact on reducing
deforestation, and therefore enhances water regulation [55], but further research work is required
to quantify these effects in this specific case. Regarding energy links, cooking with ICS was slow
and was not suitable during communal gatherings [3,14,55]. Thus, better ICS designs are needed
to enable complete transition to modern energies. Regarding food security linkages, ICS adoption
encouraged the construction and use of other technologies (eco-fridge, household landfill, and shelves),
which improved food preparation, health conditions, and reduced indoor air pollution.

5.3. Case Study 3: Community Based Jatropha in Bati Woreda, Ethiopia

Implementation: In Bati, the jatropha plant has been known to the local smallholder farmers
since 1970 for its vital functions as a “hedge or living fence” and as a source of household energy and
income [56]. Moreover, a new community based jatropha planation on “degraded” communal land
was initiated and implemented by the organization for Rehabilitation and Development of Amhara
and Woreda’s office of Agriculture and Rural Development in 2008 [57] to generate biodiesel and to
rehabilitate “degraded” land. A cooperative of about 300 farmers was organized, and began cultivating
jatropha on “degraded” land; so far, they have cultivated it on 28,000hectares [57].

Description of technologies or products and services: Jatropha seed is utilized directly for cooking
and lighting purposes. However, it can also be processed into biodiesel. Both can substitute for
charcoal, fuelwood, and fossil fuels, and, thus alleviate energy expenditure, which is a significant
financial burden to the households [58]. The annual expenditure on energy for a typical household
in Bati was estimated to be US$370, or 18.5% of the household’s budget [58]. Moreover, the substitution
of traditional energy with jatropha seeds and oil can improve household health, provide clean lighting
for children to read and for women to perform domestic chores after daylight, and reduce labor use
for biomass collection. Although jatropha seeds have been used as one of their energy options for four
decades, it has not led to residential energy transition because jatropha harvested from the “hedge
or living fence” was not sufficient to support energy transition [58], and farmers need to plant more
jatropha on crop land, which is a justification for the cultivation of jatropha in communal areas.
Despite a threefold increase in jatropha price over the period 2009–2012, farmers have not benefited
economically [58].

Barriers and enablers: The main barriers identified are such as: “low jatropha yields, poor market
linkages, and lack of financial and technical support” [57]. Low jatropha yield relates to the quality
of land, but also water availability is inevitably a key factor. In Bati, jatropha was preferred to
a tree plantation on degraded communal land because of its resistance to drought stresses, being
poisonous for animals to browse, and its greater accessibility [56]. However, drought stress was found
to be an underlying factor for the failure of large-scale biofuel projects in Ethiopia [58]. Little attention
has been given to biofuel value chain development, as emphasis was given only to the cultivation of
jatropha [57]. Although a biodiesel processor factory was installed in Kombolcha, near the project
site, due to financial and technical barriers the factory was not functional [56]. In Bati, there are stoves
and lamps fueled by crushed jatropha seeds or oil [56]. But the jatropha oil cookers were not
utilized satisfactorily due to the fact that a majority of households were not able to afford them [57].
It was suggested that to tackle the barriers and enable the realization of economic and energy transition
benefits, policy should emphasize farmers, local jatropha seed processors, and the creation of stable
markets, training, and establishing professional biofuel workers [58].

WEF Nexus linkages: The Bati project was initiated not only for increased biofuel production,
but, as discussed above, to enable the rehabilitation of gullies, soil and water conservation, and for
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the purpose of afforestation [58], thus creating synergies for improved soil and water retention,
and reduced land degradation. Jatropha seeds and biodiesel substitution for biomass and fossil
fuel has the potential to contribute to energy transition both in domestic use and the transportation
sector. This can help reduce greenhouse gas emissions. The financial savings from energy substitution
in terms of reduced energy expenditures can be used for buying food, and liberated time can be used
for more food production. Moreover, jatropha by-products were used for the production of value
added products (for example, fertilizer and biogas), which contribute to improved food and energy
security. The reduced deforestation and the enhanced water and soil conservation created a win-win
outcome for tackling reservoir siltation, and enhanced hydropower generation downstream.

5.4. Case Study 4: Biomass Gasifier-Based Mini Grid in Garkha Village, Bihar, India

Implementation: Garkha is a village located in the Bihar province of India, comprising
1465 families [59]. Due to highly unreliable electricity from the grid, villagers were earlier dependent
on diesel generators. In 2006, Saran Renewable Energy (SRE) installed a biomass gasifier power
plant in the village that now provides power to around 1000 households and businesses [60] at
a cheaper price compared to existing diesel power plants. Sesbania (a woody shrub), which is grown
in the water-clogged wastelands of the village, has been chosen as feedstock for the plant, providing
sustainability to the power plant and additional farm income.

Description of technologies or products and services: The project utilizes a biomass gasifier and gas
engines, designed to supply 128 KW of electric power. Biomass gasifiers are a promising decentralized
electricity technology, as they are available in a variety of small sizes, are dispatchable [61], can utilize
a variety of biomass residues as feedstocks, and can generate additional income for the rural households
who can contribute feed stock to a plant [62]. The cost of the entire power plant was INR 8,300,000
(140,000 USD at 1 USD= 60 INRs), with a majority of the expenditure invested by SRE and 25% secured
as a bank loan. SRE incentivizes farmers to grow Sesbania in their fields, which otherwise remains
waterlogged and barren during the summer-monsoon season. While this gives sustainable raw material
supply to the gasifier, it also generates income (USD 80–120 per hectare) for the farmers. The plant
charges INR 7.5/kWh (0.125 USD/kWh) per unit compared to INR 12–16/kWh (0.2–0.25 USD/kWh)
with diesel mini grids.

Barriers and enablers: The concept of a biomass gasifier has been catching up in the last few
years [63], however, there are several barriers which impede the widespread diffusion of such initiatives.
One such barrier is their high initial costs [64], and the problem is aggravated with the unwillingness
of banks to finance such technologies in rural areas. Another challenge is its competition with a highly
subsidized electricity grid. The guaranteed purchase of surplus power by an electricity grid could
have been an opportunity for such initiatives, but power evacuation is a challenge in rural areas.
The sustainable supply of feedstock is another challenge [62,65].

WEF Nexus linkages: The Garkha project has significant linkages with the WEF Nexus.
As reported by Ministry of New and Renewable Energy [60], the plant has been providing reliable
power to around 10 water pumps in the village at half the price they were paying earlier (through
diesel power), which has a direct positive impact on food production in the village. With this electricity
facility, farmers are also able to remove water from their waterlogged fields and use it for farm
production. With the reliable power, medical centers are now giving good health services, which
can have direct consequences on the productivity of households. Sesbania has a property of fixing
nitrogen in the soil, which decreases the requirements for fertilizers. Another possible spillover effect
of the project could be a clean cooking solution for villagers, as one of the residues of a gasifier plant
is the char, which can be developed into charcoal briquettes to be used by village households as
clean cooking fuel. This can save a significant amount of household time in cooking fuel collection.
The generated power will also help in pumping drinking water from greater depths, which avoids
wells with shallow depths that have more chances for contamination, impacting the health and
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productivities of households. With reliable power in the village, local businesses will be encouraged
and this will boost local employment.

5.5. Case Study 5: Micro-Hydro Plant in Siklesh Village, Nepal

Implementation: With the initiation of the Annapurna Conservation Area Project (ACAP),
a micro-hydro plant (MHP) with a maximum output power of 100 kW was built in 1994 in Siklesh
village to provide electricity to 346 households [66].

Description of technologies or products and services: With the construction of the MHP,
the villagers obtained access to electricity for a variety of domestic and productive uses (such as
night time lighting, and the operation of a mill). The MHP has also allowed the establishment of
communication networks such as radio, television, and phones.

Barriers and enablers: Even though the clear switching from kerosene to electricity for lighting
has been observed, the generated electricity was not able to replace fuelwood for cooking. Apart from
the establishment of agro-processing mills, no other significant impact on increasing agricultural
productivity has been observed. No motivation among elderly persons to follow modern practices of
agriculture by linking to an MHP has been reported. As a result, about half of the cultivated lands
was abandoned. In fact, the issue is quite common to most of the MHPs in Nepal, where the average
load factor is only limited to 25% to 30%, and hence these plants are commercially not viable [67].
With only development motives, the MPHs are being promoted by heavy subsidies of 60–80% of
the total cost by aid groups [68].In the Nepalese context, despite the hasty development of MHPs
in many rural areas, the linkage of energy with end-use applications for both cooking/heating and
income generating activities is extremely poor; consequently, the potential contribution to the WEF
Nexus has not been fully realized in practice. The foremost reason is associated with the provision of
subsidies on MHPs only for the remote and inaccessible areas where no national grid exists. Hence,
because of a lack of infrastructure and market opportunities in those areas, the challenges are there to
utilize optimally the available electricity.

WEF Nexus linkages: Nevertheless, with the introduction of MHPs, some contributions to
WEF Nexus have also been observed. For instance, the electricity during evenings has significant
benefits in terms of the preparation and consumption of food because of the provision of better-quality
lighting as compared to kerosene lanterns. Because of the higher luminous flux in the electric light,
the conduct of kitchen activities has become quite convenient. Similarly, with the establishment of
modern agricultural processing mills, the villagers have been able to engage their saved time on
agricultural activities. The further potential of MHPs has been observed to positively contribute to
the WEF Nexus’ synergies by boosting the load factor with the intervention of water pumping for
irrigation for higher food production.

6. Discussion

This paper evaluated the successes and failures of DES in developing countries through the lens
of the WEF Nexus framework. We also investigated the contributions of DES to energy transition
in remote villages in several developing countries in order to better understand how DES interact with
and enable the realization of the synergies of the WEF Nexus. Table 1 summarizes the linkages of DES
with the WEF Nexus assumed in the literature for each studied case, and provides our evaluations of
the actual extent of these linkages through empirical observations. Table 1 shows that the assumed
linkages did not materialize as expected in all of the cases due to the various specific reasons explained
earlier in the case studies. The results indicate that DES initiatives did not result in complete energy
transitions, as the target communities and households still relied on multiple energy sources due to
a number of barriers to the adoption of DES. Nevertheless, the DES initiatives played an important role
in improving energy access, and have shown potential to contribute to sustainable rural development
and improve household and community wellbeing through enhanced food security, income, health,
empowerment of women, and resource conservation.
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Table 1. Major linkages of Decentralized Energy Services (DES) within the Water–Energy–Food (WEF) Nexus in the studied cases.

Case Study Description Assumed Linkages to WEF Actually Observed Linkages to WEF Sources

Household-based biogas
project, Chunfeng, China

• Biogas digesterfor cooking
and lighting

• Was implemented by
136 households

• reduces water pollution caused by discarded
pig dung and discharge of sewage

• provides organic fertilizer for
agricultural production

• frees the households from biomass collection
for food production

• Significantly reduced water pollution
• No significant effect
• No significant effect

[49]

Improved cooking stove
(ICS), Ecuador

• Improved biomass cook stoves for
cooking implemented in 800
isolated rural households by 2010

• Reduces wood consumption and deforestation
to enhance water regulation

• improves cooking conditions and
food preparation

• improves quality of life
• improves energy security

• Significantly reduced wood consumption.
Improvement on water regulation needs
further research

• Significantly improved
• Significantly improved quality of life, especially for

woman and children. Also, household living conditions
wereameliorated through cleaner and
improved kitchens

• Only partly achieved. Though wood consumption was
reduced, ICS cannot be used for cooking in high
demand events (communal gatherings),and the
expensive and not always available Liquid Petroleum
Gas (LGP) is still needed

[55]

Jatropha, Bati,Ethiopia

• Jatropha oil expellers and seed for
cooking and lighting

• Started by 300 farm households
in 2008

• increases household income, and leads to
energy substitution

• water, soil, and land resource conservation

• No significant effect
• Only partly achieved [56–58]

Biomass Gasifier,Garkha,
Bihar, India

• Biomass gasifier run from the
Sesbania feedstock grown on the
waste lands

• Provides electricity for domestic
and agricultural purposes

• income augmentation of local farmers
• reliable irrigation and domestic

electricity supply
• tackling water logging
• facilitating better health and education
• local employment

• All assumed linkages were also actually observed [60]

Micro-hydro,
Siklesh,Nepal

• 100 kW micro-hydrofor
346 households

• Provides electricity for lighting
and agro-processing.

• better lighting has positive impact on
preparation and consumption of food

• saves labor time because of the introduction of
modern agricultural facilities

• Had a significant effect
• No significant effect [66]



Resources 2017, 6, 24 12 of 15

7. Conclusions

All in all, the case studies indicated that DES have positively contributed to household and
community livelihoods, and are an integral component of the WEF Nexus.

The case studies identified a number of critical challenges that need to be addressed to improve
the adoption of DES. Most often, DES initiatives focus on the installation of technologies, but many
projects face ex post problems related to technical maintenance and the costs of operation and
management, as well as coordination problems. The analysis also indicated that policies should
consider local social, institutional, economic, environmental, and technological aspects, and the skills
of the households and other actors in the DES value chains, to enable the initiatives to sustain
themselves without external assistance, and gradually transform themselves into self-financing
businesses. Therefore, DES intervention measures should target the building capacity of participants
and stakeholders. We also recommend further quantitative studies to more specifically estimate
the level of impacts and explore the feedbacks, synergies, and trade-offs of DES within the WEF
Nexus framework.
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