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Abstract

Background: Most households in rural developing countries do not have access to modern energy supply.
Household level biogas energy was considered as an option but failed due to lack of sufficient resources for its
installation and operation. A community energy system can be an option, but most studies focused on off-grid
electricity. This energy system cannot be a realistic option particularly for cooking demand. An efficient and suitable
system matching local resources and demand expectation needs to be developed which this study focuses on
assessing. Biogas and solar energy technologies are viable to establish such kind of a system since they can be
converted to different forms of energy. Therefore, this study aims to determine efficient biogas and solar energy
production and utilization options for small scale village energy application in rural Ethiopia.

Methods: The efficiencies of the production and utilization options are determined based on the system
configurations involving resource, conversion, and utilization combination models. We used local resources, data,
and relevant literature information for the system analysis.

Results: The analysis shows that most energy is needed in the form of heat for cooking and a smaller part in the form
of electricity (about 10%). The community waste stream converted to biogas will be enough for cooking, but not
enough biogas is left to produce enough electricity. Co-digesting altogether provides biogas that can meet only about
75% of the electricity demand. Concentrated solar cookers can be an alternative for cooking in areas where installation
of biogas is not possible. About 2-m2 size solar concentrator is sufficient to meet each household’s cooking energy
demand. The lighting and appliance energy demand can be met with photovoltaic (PV) energy produced with
reasonably sized panels. However, the use of electrical energy for cooking produced with PV cannot be an economic
option with the available technologies.

Conclusions: The community energy system involving anaerobic co-digestion (biogas) and/or solar energy
technologies is viable to meet the demand when efficient production and conversion is made based on
specific local resource supply and demand.

Background
Modern energy is vital to any economic development
and societal well-being. Societies in rural developing
countries are deprived of modern energy access at least
for basic cooking, lighting, and powering of low voltage
appliances. Presently, these services are met with the
traditional use of biomass energy, kerosene, and dry cell
batteries [1, 2]. The traditional use of biomass energy is
inefficient and unclean and involves huge negative so-
cioeconomic and environmental consequences. In

principle, biomass (converted to biogas) and solar en-
ergy sources are viable to meet the demand since they
can be converted into different energy forms. Biogas
can be directly combusted to provide heat for cooking
and can be converted into electricity for different
services. Similarly, solar energy can be converted into
electricity within a photovoltaic cell (PVC) and concen-
trated to provide heat for cooking (concentrated solar
cooker (CSC)) and electricity with a concentrated solar
power (CSP) system.
Since recent decades, family size biogas digesters and

PV as solar home systems (SHSs) have been considered
in most energy policies and promoted to solve rural en-
ergy problems. China and India are among developing
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countries who have taken the leading role by installing
millions of family size biogas digesters in rural areas [3].
Most Sub-Saharan Africa countries followed the Chinese
and Indian example and adopted biogas technologies for
their rural energy needs [4–6]. However, in practice, ap-
plication of biogas is often limited by poor resource
availability, and that of solar by the high costs of the
PVCs [6–8]. As a consequence, most households either
cannot afford the costs of installation or do not have suf-
ficient feedstock and water to run the digesters [6, 9]. A
recent study made in Sub-Saharan Africa clearly identi-
fied the prevailing bottleneck on the broadening of small
scale biogas digesters in the region [10]. Most of them
installed through certain financial support also are not
functioning due to shortage of feedstock and water and
technical problems [7]. Shortage of feedstock is attrib-
uted to the traditional use of only cow dung limited by
the number of cows held at households. Only few house-
holds with a sufficient number of cows can produce
enough biogas to meet their demand [11, 12]. In
addition, adoption and installation of household level
biogas digesters are limited by the long payback period
associated with the technology [13, 14]. Therefore, a
household level renewable energy system cannot be a
realistic option for the majority of poor households in
rural developing countries.
Shortage of feedstock can be averted by use of any

available organic waste. Up till now, human excreta has
not been getting favorable attention as a potential bio-
gas feedstock due to low level of awareness [15, 16].
However, human excreta are important bio-wastes
which could have huge potential similar to that of live-
stock manure. Furthermore, use of human excreta for
biogas production provides huge sanitation and
fertilizer benefits. In western countries, sewage sludge
provides much contribution to biogas production as a
co-digestion feedstock [17, 18].Crop residues contain a
high carbon to nitrogen (C/N) ratio enabling high
biogas yields. Co-digesting these waste streams allows
efficient use of available resources for better biogas
yields of good quality energy. Anaerobic co-digestion
can be applicable in households but is easier at the
village level due to the benefits of lower labor require-
ments for its operation and availability of different bio-
wastes for sharing.
A village energy system is not a new concept; several

decentralized off-grid energy systems involving
different energy sources have been studied for rural
communities which have no access to conventional
grids [19–21].These studies focused on developing
hybridized energy sources for electricity generation.
Electrical energy is superior in quality to provide heat
for cooking and power for appliances. However, it may
not be suitable to provide an adequate solution to rural

energy issues due to varying local energy demands and
technological choices. Households need different forms
of energy for different services; thus, a combination of
sources providing heat and electricity is needed to meet
the demand. Given the overall system demands of reli-
ability and sufficiency of resources, these designs
should be compared to arrive at an optimal solution.
An optimal solution for local energy demand partly re-
lies on the technologies used to convert to useful en-
ergy capable of performing certain tasks. Different
technologies provide varying types of useful energy due
to varying conversion efficiencies [8, 22–24]. Neverthe-
less, most of these conversion technologies cannot fit
to rural demand due to factors attributed to local socio-
economic, cultural, and technical conditions. To the
best of our knowledge, comprehensive studies combin-
ing local demand, resources, and technological efficien-
cies and suitability to provide an alternative option to
rural developing country’s energy issues is not available.
In this paper, we evaluate other options to provide en-

ergy to rural villages in Africa, as the literature shows
many individual households do not have enough
resources to run the digesters. Therefore, first we take
the village perspective, and next we look for other
sources as feedstock for biogas production. With a
village perspective, households are supposed to share
their resources irrespective of their holdings. The village
energy system is considered based on the reported
success stories of institutional and community biogas
digesters installed in Sub-Saharan Africa [10]. This
approach allows both rich and poor households to share
their resources and helps to have access to technical and
financial support [6, 7].With a family biogas system,
households depend on cow dung limited by the number
of available live animals. On a community level, differ-
ences between households are avoided and resources
could be averaged to a production system able to pro-
duce reliable, efficient, and sufficient volumes of biogas.
Secondly, most of the studies on rural community
energy focus on an off-grid electrical energy system.
However, electrical energy alone cannot provide solution
to a rural community’s energy demand. Thirdly, most
studies focus either on few energy sources or energy ser-
vices. In this paper, we evaluate the most relevant energy
supply system configurations involving different produc-
tion, conversion, and utilization combinations providing
heat for cooking and electricity for lighting and appli-
ances. The aim of this study is therefore to determine ef-
ficient biogas and solar energy production and
utilization options for small scale village energy applica-
tion in rural Ethiopia. The results of the study are vital
in assisting energy policy makers and planners to con-
sider appropriate technology that can meet the energy
needs of a rural village.
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Methods
The energy system description consists of at least three
parts that should be considered and be related to each
other: the supply of energy sources, the conversion of
energy sources into useful energy carriers (like heat and
electricity), and the demand for these energy carriers (or
energy services). In this paper, we determine the re-
sources available at the village level and evaluate
whether they are sufficient to produce enough energy to
meet local demands. We used available local data
sources and relevant literature for the analysis. The
amounts of resources available to meet these demands
are limited due to limited supply and competing pur-
poses; thus, efficient production and utilization is
needed. Therefore, alternative energy system configura-
tions composed of biogas and solar energy providing dif-
ferent energy forms are developed to determine efficient
production and utilization options.
Biogas can be produced from any type of organic

waste of agricultural, industrial, and residential origin.
For proper functioning of the digester, a constant supply
of biomass of a certain quality is essential. We consider
bio-wastes from agricultural and residential origins.
Agricultural wastes include crop residues and cow dung
whereas residential bio-wastes are household cleaning
and human excreta. At present, crop residues are mostly
used for feeding and cow dung for fertilizer and human
excreta are disposed of in rural areas. These waste
streams contain varying nutritional compositions that
can support varying co-digestion options; thus, they
were considered in this study. Up till now, cow dung
serves as the main feedstock in rural areas around the
world; thus, a biogas yield from digestion of cow dung
alone is considered as a reference for the co-digestions.
Different technologies are available to convert biogas

into different forms of energy. It can be converted to
heat energy through direct combustion in biogas burners
(stoves) or converted to electricity in combustion en-
gines. Direct use of biogas is popular and technically
mature in developing countries since it involves only a
digester, stoves, and few fixtures. Conversion of biogas
into electricity is also becoming popular in both

developing and developed countries. Direct conversion
both into heat and into electrical energy is considered in
this study.
The schematic diagram involving different biogas pro-

duction and utilization options is shown in Fig. 1. The
figure shows different waste stream processing and con-
version options for different energy services. Therefore,
the efficiency of the system is determined based on the
amount of biogas produced per amount of bio-wastes
digested (co/mono) and converted to meet the demands.
Thus, the choice between different systems depends on
the availability of resources and the suitability of the
technology for local energy demands.
The net useful energy value of 1 t of co-digested bio-

waste is therefore estimated by multiplying its biogas
yield (m3/t) by its lower energy value (MJ/m3) and con-
version efficiency of the devices ( ).The final useful en-
ergy required for the demand is presented in GJ (109 J).
In areas where application of biogas is limited, solar

energy can be an option to meet the cooking and elec-
trical energy demands. The incoming solar radiation
contains radiation of varying wavelengths that can be
converted into different forms of energy. The amount of
radiation absorbed and converted into energy carriers
depends on the type of materials used for collection and
conversion.
There are also different solar energy technologies to

concentrate solar radiation at high temperature for elec-
tricity generation (CSP) or to combine heat and electri-
city as hybrid thermal photovoltaic (PVT), but they are
not feasible to apply in rural areas. In this study, we
analyze solar PVC and CSC based on their current appli-
cation in different regions of the world in particular in
developing countries. In PV, direct solar energy is con-
verted into electricity by semi-conducting materials
while CSC uses concentrated heat for direct use. Both
direct conversion into electricity with PV and concentra-
tion into heat for cooking are considered in this study
for alternative analysis.
The amount of useful energy obtained per square

meter area of solar collector depends on the technical
efficiencies of the devices and local solar irradiation.

Fig. 1 Biogas energy production process and conversion for direct use for cooking and electricity for appliances

Tucho and Nonhebel Energy, Sustainability and Society  (2017) 7:33 Page 3 of 14

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



This is calculated by multiplying the annual average
solar irradiation per square meter (I) by the conversion
efficiency of the system ( ) [1]. This in turn determines
the area required to meet the energy demands of the vil-
lage. Therefore, the area required to meet the demand
with each technology is calculated by dividing the de-
mand to the useful energy obtained per square meter
solar collector. The schematic diagram involving differ-
ent solar energy conversion technologies is shown in
Fig. 2. This system also focuses on system configuration
aimed at producing heat for cooking and electricity for
appliances.
The resources required to meet the demand rely on

the system efficiency expressed with the amount of use-
ful energy obtained for end-use services (i.e., cooking
food, lighting homes, etc.). In this study, five alternative
energy system configurations involving biogas and solar
energy technologies are analyzed. These are:

1. A dual use of biogas for both cooking and
appliances. In this configuration, biogas is supposed
to provide electricity for appliances and direct heat
energy for cooking. This system can be considered a
cooking/electricity hybrid due to involvement of two
separate technologies (stoves and engines) producing
heat and electricity sharing the same biogas digester
(biogas storage).

2. The second alternative biogas system configuration
is conversion of biogas to electricity for both
cooking and appliance demand.

3. In areas where biogas resources and technical
competencies are insufficient, a hybrid configuration
involving biogas for cooking and solar electricity for
appliances can be used. This configuration is
seemingly independent since biogas is used only for
cooking and solar energy for the appliances.
Nevertheless, both sources are used in combination
to provide energy services for the village as a whole.

4. In areas where application of biogas is limited, solar
energy can be developed with two alternative
options as a hybrid and standalone electricity
system. When developed as a hybrid, CSC provides

the cooking services while PV electricity is used for
lighting and appliances. Alternatively, solar energy
can be converted into electrical energy in PVC and
used for cooking, lighting, and appliance energy
demand in one unit. Unlike biogas, solar energy is
independent of locally produced resources, so the
decision to choose between the systems relies on the
size of the solar collector required for the demand
and other technical issues.

The above configurations are analyzed based on the
specific assumptions presented in the “Availability of
energy resources,” “Energy technologies,” and “Energy
demand profile” sections of the paper.

Availability of energy resources
Bio-waste
Bio-wastes can be produced from industrial processing,
residential activities, and agricultural areas. Agricultural
bio-wastes are produced when cereal crops are collected
from farm lands. These types of bio-wastes are produced
as straw, husk, and stalk and are referred to primary or
field residues. Agricultural bio-wastes also include dung
from livestock animals. These waste streams are rela-
tively abundant in rural areas although the amounts
available at households depend on the sizes of their land
and livestock resources. Data on land resources and cor-
responding cereal crop yields and cattle population hold-
ings are taken from Ethiopian CSA databases [25]. The
quantities of bio-wastes produced from household re-
sources and their availabilities are determined in a previ-
ous study [11] based on the average residue to product
ratio (RPR) of cereal crops [26, 27] and dry dung per
animal [3, 28, 29]. Accordingly, households annually on
average produce about 3 t (1 t = 103 kg) of residues and
3 t of dung from their land and cattle resources respect-
ively. Both bio-wastes are an integral part of the rural
agricultural system where residues are additionally used
for soil mulching, feeding, and animal bedding. Specific
data for each use is not available for the country, but up
to 85% of residues can be removed in areas where mixed
farming is used [30]. Availability of dung is also limited

Fig. 2 Solar energy conversion into heat and electricity for cooking and appliances
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by feeding practices and the need for fertilizers. As a
consequence, only about 30% of produced residues and
40% of produced dung are assumed to be available for
energy based on [11].With these, we estimated about
22 t of residues and 30 t of dry dung per year from the
average land and cattle resources of the village respect-
ively (Table 1).
Data on the quantity and composition of rural house-

hold wastes are not available for Ethiopia to include in this
study. Human excreta are sufficiently available in rural
areas with essential nutritional compositions. They con-
tain high amounts of organic matter capable of being con-
verted to biogas and also provide huge sanitation and
fertilizer benefits [16, 31]. Unlike other bio-wastes, human
excreta contain both solid and liquid components pro-
duced as feces and urine. The amount of excreta a person
produces varies from place to place due to living condi-
tions, varying nutritional composition, and type and
amount of foods consumed [32]. Hence, it varies from 80
to 140 g/person/day in developed countries and from 250
to 520 g/person/day in developing countries [33, 34]. The
amount of urine a person daily excretes depends on the
quantity of consumed water, physical activities, and pre-
vailing weather; thus, it varies from 1.0 to 1.6 L [33, 35].
Each year, one person on average produces about 50 kg of
dry feces and 500 L of urine [3, 31]. The total solid con-
tents of urine vary from 4 to 9% [33].This study consid-
ered an average dry solid content of 5% for its energy
potential. All the produced feces and urine may not be
available for collection due to movement of people during
the day; we assume a reasonable availability of 80%. Based
on this, we estimated an annual yield of about 6 t of dry
feces and 60 m3 (3 t of dry contents) of urine, totaling
about 9 t for the typical village studied here. The potential
quantities of bio-wastes produced from the village re-
sources and their available portion for biogas production
are presented in Table 1.

Solar energy
The country’s solar radiation data is taken from NASA
surface meteorology and renewable energy databases
and from literature [1, 36]. The amount of solar energy
obtained from a certain area depends on the intensity of
local solar irradiation. The daily solar irradiation of the

country varies from 18 to 25 MJ/m2 (5–7 kWh/m2/day)
[1].On average, about 22 MJ/m2 (6 kWh/m2/day) can be
obtained at an effective eight sun-hours, equivalent to
about 750 W. The variation might be associated with
variation in cloud cover during the rainy season and alti-
tudinal patterns, since there is no clear distinction be-
tween winter and summer for the country. In a
temperate climate, the intensity and availability of solar
energy depends on the seasons of the year due to vari-
ation in the length of day and night. This is not the case
in a tropical climate where an overhead sun is present
throughout the year with an almost equal length of day
and night. In the absence of cloud and rain, no variation
can be observed on the amount of radiation received
daily. Such weather dependent variation may not affect
the annual solar energy budgets (i.e., availability and in-
tensity). Annually, an average incident solar irradiation
intensity of about 8 GJ/m2 or 2190 kWh/m2 can be
received. This is the gross solar energy budget of the
country considered in this study.

Energy technologies
Biogas production and conversion
Different sizes of anaerobic digesters ranging from
family size to agricultural sizes were installed in Sub-
Saharan Africa [37]. In Ethiopia, more than 90 institu-
tional biogas plants with a size of 12–350 m3 have been
installed, of which more than 50% of them are func-
tioning [38, 39]. In this study, a centralized community
biogas system with the capacity to accommodate the
energy demand of the village is considered. Such kinds
of digesters are suitable to manage different varieties of
bio-wastes as a co-digestion feedstock.
Conversion of bio-wastes to biogas consists of four

phases with different species of bacteria operating in dif-
ferent specific anoxic environmental conditions [40].
The level of performance at each phase and ultimate
biogas yield relies on feedstock composition and process
operation involving complex biochemical reactions.
Imbalance of the carbon to nitrogen ratio (C/N) of bio-
wastes would have a significant impact on the reactor
environment and subsequent biogas yields. A high or
low C/N ratio is not desirable for the microbial digestion
processes. For instance, feedstock with high nitrogen

Table 1 Annual bio-waste production and its available potential for a village energy system

Feedstock Resources of the village Annual yield Produced bio-wastes (t) Availability coefficients Available bio-waste(t)

Cows dung 100 cows 0.7 t/cow 73 0.4 30

Human feces 150 persons 0.05 t/capita 7.5 0.8 6

Human urine 150 persons 0.5 m3/capita 75 m3 0.8 60 m3 (3 t)

Crop residues 23 ha 3 t/ha 69 0.3 22

Total 61

1 m3of urine = 1 t corresponding to 50 kg of dry biomass (5%)
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content (i.e., low C/N ratio) facilitates production of am-
monia toxic to methane producing microbes. Too high a
carbon content (high C/N ratio) is also not suitable due
to the enhancement of hydrolysis processes and drops in
the pH of the system. The optimum C/N ratio for effect-
ive performance of AD (anaerobic digestion) and biogas
yield is 20–30:1 [41]. The optimum ratios can be
achieved by adjusting the feedstock carbon and nitrogen
contents. Cow dung contains a low C/N ratio while crop
residues contain a high ratio [41, 42]. Therefore,
addition of plant materials with high carbon content to
cow dung inhibits production of ammonia and a drop in
pH. Human feces and urine have varying organic matter
and nutritional compositions [31, 32, 43]. Addition of
human feces and urine either to cow dung or residues
or to both would have an enhancing effect on the system
performance and good quality biogas yield.
The biogas yields from co-digestions of different bio-

wastes are reviewed and presented in Table 2. The data
shows varying biogas yields ranging from 200 to 500 m3/t
of co-digested bio-wastes. The yield variation in co-
digestion can be attributed to different environmental and
operational conditions [44]. As shown in the data, digest-
ing cow dung alone provides a relatively low biogas yield
compared to co-digesting with crop residues. The advan-
tage of co-digestion is not only increasing the yield of bio-
gas but also provides the possibility to use any bio-waste.
Co-digestion of the three waste streams (crops residues,
cow dung, and human excreta) undoubtedly helps to in-
crease the yield of biogas and its methane contents. In this
study, an average biogas yield of 350 m3/t of co-digested
dry bio-waste is considered based on the biogas yield data

presented in Table 2. The amount of useful energy gotten
out of the resulting biogas depends on the technologies
involved in conversion.
Theoretically, biogas is a mixture of 60–75% CH4 and

25–40% CO2 with a calorific value of about 20–25 MJ/
m3 [27, 45].The processes of digestion and feedstock
composition determine the proportion of methane and
other gases. Its energy value and conversion efficiency
depends on the methane content. This is crucial when
the gas is converted into different forms of energy like
heat and electricity. Several technologies are available to
convert biogas into electricity and heat at varying
conversion efficiencies.
Up till now, the mature technology to convert biogas

directly into heat at household scale is a biogas burner
(stove). A biogas stove is technically mature to adapt
and modify its design to make it suitable to cook local
foods [22]. Biogas containing low methane provides low
thermal efficiency due to increased carbon dioxide
content and reduction in rate of combustion. Thus, its
thermal efficiency varies from about 50 to 68% with a
biogas consumption rate of 0.220–0.450 m3 per hour
[22, 46, 47]. One of the ways to improve the methane
content of biogas is through adjustment of the feedstock
composition with co-digestion. In this study, high
methane contents are expected due to consideration of
co-digestion. Taking this into account, an average ther-
mal energy efficiency of about 60% is assumed for the
typical biogas burner studied here.
Use of biogas for electricity generation may follow a

similar pattern of conversion where design modification
and quality of biogas can play a major role. Conversion

Table 2 An overview of biogas yield data from co-digestions available in literature

Feedstock Feeding ratio Biogas yield Unit Ref.

Cow dung (CD) 100:0 0.280 m3/kg of TS [3, 27, 44]

Crop residues (CR) 100:0 0.400 m3/kg of TS [45, 46]

CD alone 100:0 0.233 m3 CH4 per kg VS [47]

CD and CR 60:40 0.268 m3 CH4 per kg VS

CD alone 100:0 0.210 m3/kg of VS [48]

CD, CR, and energy crops (EC) 50:25:25 0.540 m3/kg of VS

CD and corn stover (CS) 25:75 0.356 m3/kg of VS [37, 39]

CD and corn stover (CS) 50:50 0.325 m3/kg of VS

CD alone 100:0 0.230 m3/kg of VS [41]

CD and crop silage (CSi) 90:10 0.465 m3/kg of VS

CD and crop silage (CSi) 80:20 0.477 m3/kg of VS

Human excreta alone 100:0 0.35–0.5 m3/kg of TS [3, 43]

Food waste and human feces N/A 0.410 m3 CH4/kg of VS [43]

CD, urine, and water 50:0:50 37 L/kg of fresh dung [42]

CD, urine, and water 50:35:15 48 L/kg of fresh dung

TS total solid, VS volatile solid
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of biogas into electricity in an internal combustion en-
gine requires engine modification either to a dual engine
where a mixture of diesel and biogas is used or to a
spark ignition engine to use with pure biogas [22]. The
methane content of the biogas is critical for use in an in-
ternal combustion engine; thus, a concentration of CO2

above 40% is not desirable for the engine performance
[48]. Most studies made on engines running on biogas
fuel reported an electrical energy conversion efficiency
of about 30–40% [49, 50].In this study, a conversion effi-
ciency of about 30% is considered taking into account
the complex combustion characteristics of biogas. The
quantity of useful energy derived from a unit cubic
meter of biogas is therefore determined by its energetic
value and the technical efficiencies of the devices.

Solar energy conversion technologies
The direct incoming solar radiation contains radiation of
varying wavelengths. In PV cells, only solar radiation with
appropriate wavelengths is converted to electricity. The
light absorbing materials used for PVC production vary
from amorphous silicon to thin film materials [8, 51].
Amorphous silicon can achieve about 5–8% electricity con-
version efficiency, while mono- and polycrystalline silicon
technologies have an efficiency of around 14–19%. More
than 19% electricity conversion efficiency can be achieved
with thin film materials. PV made of amorphous silicon is
technically mature and less costly but relatively inefficient,
and thin film materials are more efficient but expensive. In
this study, an average electrical energy conversion effi-
ciency of about 15% is assumed, presumably an efficiency
of PV cells made up of crystalline silicon materials.
Solar energy can be concentrated for household cook-

ing energy with a concentrated solar cooking technol-
ogy. Concentration of solar energy does not require
expensive light absorbing materials like that of PV cells;
at small scale, local materials like packaging can be
used [52]. CSCs are available with different designs and
sizes for outdoor and indoor cooking [53]. It enables an
integration of heat storage media for a suitable cooking
schedule. Heat storage with steam using parabolic con-
centrators are being utilized successfully for community
level residential evening meal cooking in India [53].
Most of the available CSCs provide low thermal effi-
ciencies requiring a cooking time of 2–4 h [54]. Most
CSCs have thermal efficiencies varying from 20 to 50%
due to varying design of the cookers and concentrators
[55]. However, a lot of improvements have been made
and are in progress on the thermal efficiency of CSCs
[56–58]. Higher thermal efficiencies (50–60%) are
already reported with parabolic solar cookers (PSCs)
[59]. A simple CSC with a simple design is easily ap-
plicable and familiar in developing countries compared
to PSCs requiring relatively more advanced radiation

focusing materials. A simple type of CSCs with about
30% thermal efficiency is considered in this study tak-
ing into account their application and level of technical
maturity in rural areas. The amount of useful energy
obtained per square meter area of solar collector de-
pends on the technical efficiencies of the devices and
local solar irradiation (Table 3).

Energy demand profile
The village energy demand is composed of cooking,
lighting, and powering appliances. Cooking can be met
with primary heat energy from burning of biogas and
concentration of solar energy. Lighting and appliances
exclusively need electrical energy. The analyses are made
as cooking (heat) and electricity (appliances) demand,
since the shares of energy for lighting and appliances are
too small to be analyzed separately.
More than 99% of the households living in rural village

rely on traditional use of biomass energy for cooking
and about 60% use kerosene wick lamps for lighting [1].
The household energy demand profile used in this study
is made based on the demand estimation available in the
relevant literature [60]. The assumption made in elec-
trical energy unit in the literature is converted to energy
unit for the sake of comparison with the energy from
biomass. The assumptions are based on daily use of four
lamps of 11 W for lighting, 70 W for TV, and 5 W each
for radio receiver and mobile charger serving for about
5 h. This provides an equivalent annual village energy
consumption of about 7 GJ of useful energy for lighting
and 13 GJ for appliances (20 GJ of useful energy for
both). The data also includes a 3-kW-rated power stove
for baking local food (Injera) for 45 min every 2 days.
An additional 2-kW-power-rated electric double stove
for daily cooking for other foods with an estimated
cooking time of 2 h per day is included as well. The
annual energy required for both types of cooking is
estimated to be equivalent to about 163 GJ of useful
energy. This assumption is in line with the annual cook-
ing demand estimation made in a previous study, which
is 5–7 GJ of useful energy per household [11]. Overall,
the village annually requires about 163 GJ of useful
energy for cooking and 20 GJ of useful energy for light-
ing and appliances. The advantage of using useful energy
for the demand estimations is that it does not vary with
the technologies used for the services. It is the amount
of energy required to perform certain tasks (i.e.,

Table 3 Annually available useful solar energy potential with
different conversion technologies

Gross solar energy GJ/m2 Useful energy per technologies in GJ/m2

PV CSC

7.9 1.2 2.4
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delivered to food for cooking, empower devices, etc.).
The largest (about 90%) part of the energy is required
for cooking.

System analysis
The typical village considered here requires annually
about 163 GJ of useful energy for cooking and 20 GJ for
lighting and appliances. The energy needed to meet this
demand comes from available biogas and solar energy
resources. So, first we determine how much energy can
be produced from the available resources. The energy
from available biomass resources is estimated based on
their biogas energy potentials as single and co-digestion
feedstock. The resulting biogas is subjected to different
forms of energy conversion as heat and electricity. Simi-
lar estimation is made for solar energy conversion. These
energy potentials are analyzed with different system con-
figurations to determine efficient production and
utilization options matching to local resources and de-
mand. Availability of biogas depends on locally produced
resources, so whether this is sufficient is determined by
the difference between supply and demand presented as
a gap. The gap can be positive or negative due to varying
combinations of resources in the co-digestion and tech-
nical efficiencies of the technologies considered. Unlike
biogas, the availability of solar energy does not depend
on local resources; thus, it is evaluated based on the size
of solar collectors. The decision regarding the technolo-
gies of choice relies on the possibility to match local re-
sources with the demands and its suitability to meet
local expectations. Local expectations in turn refer to
the ability of the technology to meet local needs without
involving complex production and conversion processes.
Thus, the results for each biogas configuration are pre-
sented in gigajoules of energy and that of solar energy is
with the size of solar collectors meeting the demand in
square meters.

Results
With the data derived above, the amounts of resources
required for the demand with different biogas and solar
energy configurations are calculated. The results with
the biogas system configurations are presented in Figs. 3
and 4a. Accordingly, we estimated about 339 GJ of en-
ergy for the system composed of direct use of biogas for
cooking with biogas stoves and conversion to electricity
for appliances (Fig. 3a). The cooking demand in a biogas
stove requires about 272 GJ of gross biogas energy to
produce the 163 GJ of useful energy required for cook-
ing (Fig. 4a). Production of the 20-GJ equivalent elec-
trical energy needed for the appliance demand requires
67 GJ of gross biogas energy. Conversion to electricity
for both cooking and appliance demand requires about
610 GJ of gross biogas energy (Fig. 3b).
The result presented in Table 3 shows the amount of

energy obtained with different anaerobic digestion
options. Digesting the available cow dung alone provides
about 172 GJ of biogas energy. More energy can be
obtained when co-digestions are applied. About 389 and
285 GJ are obtained when cow dung is co-digested with
crop residues and human excreta respectively. Co-
digestion of human excreta and crop residues provides
about 243 GJ, whereas co-digesting them together with
cow dung yields about 458 GJ. It is the maximum
amount of energy the resources available in the village
can provide. Converting all in biogas stoves on average
provides about 275 GJ of useful energy and 137 GJ when
converted to electricity (Table 4).
The results on resource demands of different biogas sys-

tem configurations are presented in Figs 3 and 4a. The
data shows the potential supply and demand and their dif-
ferences as a gap. The supply-demand gaps are shown
with broken lines. The available resources are sufficient
when the difference between supply and demand is posi-
tive. This is determined by the proportion of resources in

a b

Fig. 3 a A hybrid of biogas for direct cooking and its electricity for appliances. b Biogas electricity for both cooking and appliances
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the co-digestion, yields of biogas, and methods of conver-
sion. In the co-digestion involving cow dung with either
residues or excreta, the resulting energy is sufficient for
the demand when the gas is directly used for cooking
(Figs. 3a and 4a). Nevertheless, a co-digestion involving
crop residues and human excreta is not enough for the de-
mand due to their low proportion in the co-digestion.
None of the resources with any of the co-digestion options
are sufficient to meet the demand when the gas is con-
verted to electricity and used for both cooking and appli-
ances. This system requires about 610 GJ of gross biogas
energy, but the available resources provide only 458 GJ of
energy. Meeting the demand with this configuration re-
quires an extra 152 GJ of energy on top of the amount the
village resources can supply (Fig. 3b). The available re-
sources are sufficient for both cooking and appliances
when its gas is directly used for cooking and its electricity
is for appliances. However, this may involve certain com-
petition for gases. In that case, an electricity from PVC
can be used alternatively for appliances leaving the biogas
for cooking (Fig. 4b).

The results with exclusive solar energy configurations
are presented in Fig. 5. This configuration involves the
hybrid of heat and electricity and only electricity. The
hybrid configuration includes the use of CSC for cook-
ing and PV electricity for appliances. The size of solar
collectors required to meet the demand depends on the
local irradiation and device conversion efficiencies. On
average, the country’s direct solar irradiation provides an
annual solar energy potential of about 8 GJ/m2. Taking
into account the device conversion efficiency, CSC can
convert about 2.4 GJ/m2 to useful energy for cooking
(Table 3). With this estimate, the cooking energy de-
mand of the village requires about 70-m2 solar concen-
trator (about 2.5 m2 per household). One square meter
of PV provides about 1.2 GJ; with this assumption, the
appliance electricity demand requires about 17 m2 of
PV. However, if the cooking energy demand is included,
this PV size will be increase to about 155 m2 to meet
both the 163 GJ of useful energy needed for cooking and
20 GJ of useful energy for appliances. This is equivalent
to an average size of 6.2 m2 of PV per household.

a b
a b

Fig. 4 A hybrid of a biogas for cooking and b solar PV for appliances and CSC for cooking

Table 4 Annual biogas energy production potential from the village biomass energy resources

Biogas energy
sources

Dry matter Availability Available potential energy potential Useful energy potential (GJ/year)

(t) (%) (t) (GJ/year) Burner Electricity

Cow dung 70 0.4 28 172 103 52

Crop residues 75 0.3 23 198 119 59

Human feces 7.5 0.8 6 46 28 14

Human urine 3.8a 0.8 3 23 14 7

CD + CR 145 51 389 233 117

CD + HE 81 37 285 171 85

CR + HE 86 32 243 146 73

CD + CR + HE 156 60 458 275 137
aTotal dry matter content of the annually produced urine
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Discussion
Consideration of co-digestion and a communal energy
system
We evaluated the availability and suitability of biogas
and solar energy for a village energy application with dif-
ferent system configurations involving various produc-
tion and utilization options. As stated in the paper,
biogas production needs locally produced resources
determined by the size of available resources, competing
purposes, and condition of collection. Increasing the
amount available for energy is less likely possible due to
involvement of these extra factors. However, co-digestion
provides the possibility of making local resources suffi-
cient for the demands when the right proportions are
considered. The proportion of feedstock depends on the
available land, cows, and human population as well as its
availability characteristics. It can be noted that none of the
available bio-wastes are sufficient to meet the energy de-
mands of the village as a single feedstock. However, their
varying nutritional composition provides an opportunity

for co-digestion. This helps to use the available resources
efficiently.
The sufficiency of the resources for the demand relies

on the efficiency of anaerobic digestion process and
resulting increase in biogas yields. The efficiency of the
digestion process depends on the right combination of
the proportion of the bio-wastes and their nutritional
composition in the co-digestion. In extreme situations, a
system break and halt can occur when the process is
dominated with either nitrogenous or carbonaceous bio-
wastes. Excess of either of these nutrients will lead to
the formation of acid or lower the pH of the system
leading to hindrances of the processes of digestion and
its biogas yield. Therefore, it is important to take into
account the nutritional composition of the waste
streams in particular their C/N ratios when a system is
designed for co-digestion. Available literature showed
that co-digestion of different waste streams provides
varying biogas yields from a minimum of 200 m3/t to
over 500 m3/t, although average values were considered
in this study (Table 2). Accordingly, when the minimum
values are taken into account, the resulting biogas is not
sufficient to meet the cooking energy demand as shown
in Fig. 4a. At least the yields of biogas should remain
similar (no change to the yield) to the yields of digesting
dung alone (reference feedstock) to meet the demand
(Fig. 6). In summary, the resource sufficiency in this
study partly relies on the proportion of waste streams
and partly on the increasing biogas yields.
Feedstock adjustments are easier to apply at the village

level than at a household level. Collection of crop resi-
dues and preparation for AD is labor intensive at the
household level. Adjustment of the feed proportion with
other waste streams also consumes a lot of time. One of
the main limitations on sustainability of biogas technol-
ogy is the labor cost incurred in resource collection and
feeding [61]. All these activities can be easier to handle
at the community level with few permanent laborers.

Fig. 5 Solar energy technology configurations for cooking
and electricity

Fig. 6 Availability of biogas for cooking when varying biogas yields with different co-digestion options are considered. Minimum stands for the
lowest biogas yield available in literature, and no change refers to the biogas yield of the reference feedstock (i.e., dung)
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This helps to avoid fragmented efforts of resource use,
installation, and operation of the system in a household
and saves much labor and costs specially for women
[62]. Use of a community level biogas digester is a better
option and advantageous than those that are family scale
in many ways [10]. In general, the advantages of co-
digestion for resource use optimization and sufficiency
for the demand is more realized when a communal en-
ergy system is considered.

Benefits and challenges of considering human excreta as
co-feedstock
Human excreta give a substantial addition to the local
energy resource potential. Its composition also helps
optimization of the digestion process. Together with
cow dung, it is continuously produced during the year.
It is a non-resource competitive feedstock freely and
abundantly available in rural areas [33–35]. Rural people
mostly consume fibrous foods presumably containing
high energy values of indigestible contents [33]. About
90% of the nitrogen contents of excreta come from urine
and feces which contribute highly volatile organic matter
[32, 33, 35]. As a single feedstock, the dry matter por-
tions of both feces and urine contribute to about 25% of
the cooking demands (Table 4). It is sufficient to meet
the cooking energy demand of the village together with
dung (Fig. 3a). Together with cow dung, it can save the
quantity of residues removed for energy. Use of human
excreta in co-digestion is beyond serving as feedstock; it
helps to reduce the water requirement of the digesters.
To consider excreta for co-digestion, issues related to

latrines in rural areas and the risk of pathogenic contam-
ination need to be resolved. Most latrines in rural areas
are made up of earthen materials (pit latrine) without
linings. Such kind of latrines cannot hold water or is not
suitable to connect to digesters. However, these prob-
lems can be solved with certain digester design modifica-
tions or with modified low cost latrines like EcoSan [32,
35]. EcoSan latrines allow separate collection of feces
and urine without environmental contamination. Other-
wise, the potential risk of contamination with enteric
pathogenic organisms is high likely when the excreta are
applied manually. In addition, in the processes of diges-
tion, microbial load reduction can be achieved, but it is
not sufficient to make it risk free [63].When digesters
run in ambient temperature, most pathogenic microor-
ganisms may remain active due to the favorable diges-
tion environment. This may entail huge consequences if
the slurry is used for fertilizer or released untreated. How-
ever, human pathogenic microorganisms cannot withstand
high temperatures above 50 °C, which can be achieved
with the simple process of composting [34]. Human ex-
creta are a non-resource competitive feedstock with huge

contribution to rural sanitation, biogas yield, and crop
yields if appropriately used.

Consideration of biogas energy conversion technologies
and its implication
In the “Consideration of co-digestion and a communal
energy system” and “Benefits and challenges of consider-
ing human excreta as co-feedstock” sections, we dis-
cussed the contribution of considering co-digestion and
communal energy system in increasing the resource
availability for the demand. Nevertheless, conversion
technologies are equally (more) important in providing a
sufficient and secure supply. The notion here is how to
determine an appropriate technology that can achieve
the greatest efficiency. Several efficient technologies are
available, but they may not be realistic options to meet
specific demands. So, the nature and quantity of a spe-
cific demand in relation to the available energy system
and facilities are crucial. The largest share (about 90%) of
the household energy demand in the study area goes to
cooking services. Cooking food needs thermal energy
from the combustion of fuel or from a secondary source
of energy (i.e., electricity). Combustion of fuel generates
heat energy directly used for cooking without further
processing. Without involving complex combustion
processes, biogas stoves can provide high thermal efficien-
cies for cooking when their air-to-fuel ratios are properly
adjusted [22, 64]. This is shown with the results of a bio-
gas configuration involving biogas stoves where available
resources are sufficient to meet the demand even with
excess gas available for other purposes (Fig. 3a).
Moreover, biogas stoves can easily be made compatible

to cook local foods with minor stove modifications [65].
Compatibility to local cooking needs would increase the
suitability and acceptability of the technology to meet
local expectations. However, use of secondary heat from
biogas needs conversion of biogas to electricity and then
to heat resulting in large heat losses. The heat loss is
mainly associated with the performance inefficiencies of
the engine and the amount of CO2 present [64]. The
inefficiency of the engine can be severe if the biogas
contains a high concentration of CO2 leading to a low
combustion performance of the engine. About two
thirds of the energy dissipates to the environment in the
processes of electricity generation. Compensation of the
wasted heat requires much more resources beyond
which the village resources can supply (Fig. 3b). Use of
biogas electricity for cooking is not only resource-
intensive but also less likely appropriate to address local
cooking energy needs due to absence of suitable electri-
city cooking appliances in rural areas.
Lighting and appliances exclusively need electric

energy. In the absence of resource scarcity, use of biogas
electricity is more efficient than using biogas lamps
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which consume much gas and deliver insufficient and
low quality light [22, 46]. It has been shown that biogas
electricity can be a solution for the village lighting en-
ergy demand if sharing for cooking is not involved [66].
This means that the sufficiency and reliability of the
available biogas energy resources are realized only when
the biogas is either used for cooking or for appliances.
This implies the viability of the communal biogas system
in solving the rural village energy needs with appropriate
digestion and conversion processes.

Consideration of solar energy as alternative and its
implication
An alternative estimate is made with solar energy
conversion and use. Use of solar energy for cooking is a
mature technology dating back about four centuries
although rarely considered as an alternative today [55].
CSCs concentrate direct solar energy to heat using a re-
flector and a concentrator. The process of concentration
requires strong radiation absorbed from clear skies.
Moreover, the design of the concentrator determines the
amount of energy obtained per area of solar collector.
With average concentration efficiency, the amount of
energy annually obtained per square meter area (2.4 GJ)
can be comparable with about 1.6 t of wood used in
traditional stoves. This is a huge saving when the human
and environmental costs of collecting wood fuel are
taken into account. Once installed, the CSC does not re-
quire any fuel, but in contrast, it does take a long time
of cooking due to its low thermal efficiencies. However,
its low thermal efficiency can be improved through de-
sign modifications [56, 58]. For instance, [67] has devel-
oped an improved prototype solar cooker with a mirror
diameter of 1.2 m with an efficiency of about 60% suffi-
cient to cook Injera for about 150 people in Ethiopia.
Most of the design modifications have included the suit-
ability to use the system at any time and place and at
any scale. Nahar et al. [68] have developed a modified
box type community solar cooker with the absorber size
of 3.12 m2 sufficient to cook food for about 80 people
modifying the width to length ratio of the reflector.
Franco et al. developed a multiple use communal solar
cooker with three different kinds of absorbers perform-
ing different functions with a concentrator area of 2 m2

sufficient to cook food for 30 persons [69]. A design
modification with thermal energy storage has been
developed and tested with local materials such as used
engine oil, vegetable oil, sand, and steam to enable late
noon cooking [53].
Alternatively, a communal cooking scheme can be ar-

ranged with scheduled daytime cooking. For instance, in
Ethiopia, households bake Injera every 2 days where one
stove can serve several households. With a prototype
developed to cook Injera [67], it is possible to cook Injera

sufficient for all people living in the village considered for
this study. CSCs are technologically mature, easily adapt-
able, convenient to use at any time, and cheap technology
with high ecological benefits [52, 57, 70]. This implies the
potential competitiveness of CSC with that of biogas
stoves to meet the cooking energy demand of the village
at any time of the day taking into account design modifi-
cations. Moreover, the available reliable radiation with
high intensity throughout the year in the tropical climates
can be a stimulus for better efficiency improvements. In
most parts of Ethiopia, the daily solar radiation intensity
oscillates between 5 and 7 kWh/m2 [1]. With a minimum
amount of radiation, it is possible to obtain about 2 GJ of
useful energy per year (equivalent to about 1.3 t of
firewood used in traditional stoves).
Solar PV directly converts solar energy into electrical

energy using semi-conducting compounds. Its solar-to-
electricity conversion efficiency depends on the amount
of shortwave radiation absorbed and converted into elec-
tric currents [71]. The currently available technologies
only convert less than 20% of the solar radiation to elec-
tricity, requiring the need to build large size PV systems
to meet the cooking demands. Building large size
systems (about 6 m2 PV/household for the cooking
demand) might be economically inconceivable in rural
areas. Cost is the main limiting factor in the adoption
and use of solar PVs in rural areas [72]. However, it is
viable to satisfy the appliance electricity demand, since
the appliance demand accounts for only about 10% of
the demands. Therefore, each household requires about
0.7 m2 of PV panel to meet their appliances and lighting
demand considered in this study. This means that with
the present efficiency and cost, the electricity from solar
PV is only a viable option for lighting and low voltage
appliances but less likely for solving the cooking energy
needs of the village. However, a hybrid of CSC and solar
PV can be an alternative to biogas to provide adequate
energy services to a rural village where installation of
biogas is not feasible. This option is suitable to be ap-
plied in arid and semi-arid areas with high intensity solar
radiation and a shortage of water for biogas production.

Conclusions
Households in the village need a combination of heat
and electricity for their energy demand. The energy
comes from waste streams and solar energy resources.
The waste streams are limited by the number of cows,
size of land, and number of people present in the village.
Only with a maximal resource use, biogas demand for
cooking and electricity can be met. Not enough
resources are available for a biogas electricity system for
cooking and appliances. Most resource combinations are
able to supply enough biogas for cooking. In areas where
installation of biogas is not possible, CSC can be used as
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an alternative for cooking. A moderate sized area is
needed for PV panels for electricity for appliances and for
concentrated solar cooking. A very substantial PV col-
lector area would be needed to generate enough electricity
for cooking and appliances. Both biogas and CSC tech-
nologies are easily adaptable to cook local foods and meet
local expectations. Electric energy provides better quality
energy for cooking but is economically less likely to be an
option in rural areas with the presently available resources
and technologies. In general, with appropriate and effi-
cient production and conversion, the available resources
of the village are sufficient to meet their energy demands.
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