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Understanding the potential of biomass sources and their types, quality, and
regional distribution is crucial for modern energy production. This study
evaluates the biomethane energy potential of livestock waste from six different
categories of livestock across all Ethiopian regions using livestock statistics
(2020–21), standard procedures, publicly accessible data, and literature. To
evaluate the bioenergy potentials, the amount of dry matter per head,
collection efficiency, biogas yields of respective livestock waste, and the
calorific value of biogas and biomethane were used. The total biomethane and
corresponding bioenergy potential of livestock residues in Ethiopia are estimated
to be 3,321 hm3 y-1 and 118,906 TJ y-1, respectively. The biomethane combustion
in a combined heat and power system is expected to produce roughly 11.4 TWh y-1

of electricity and 13.9 TWh y-1 of thermal energy. The estimated electrical energy
could supply 11%, 31%, and 81% of Ethiopia’s total primary energy consumption,
production, and total electricity generated in Ethiopia in 2019, respectively. The
finding demonstrates that biomethane-based energy production via anaerobic
digestion based on livestock waste has the potential to meet a significant portion
of Ethiopia’s current energy needs.
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1 Introduction

Ethiopia has the fastest economic growth in the region, with 6.3% growth in FY 2020/21,
and is the secondmost populous nation in Africa after Nigeria (World Bank, 2022). Ethiopia,
however, has one of the lowest levels of energy supply and consumption per capita (Yalew
and Woldie, 2021). Compared to the global average of 1.9 toe (ton oil equivalent), the
primary energy supply per person is approximately 0.4 toe, while the primary energy
consumption per person is roughly 0.07 toe (EIA, 2021; Yalew and Woldie, 2021). The low
energy consumption per capita was attributed to low energy access in Ethiopian regions, as
indicated by the relatively low electricity access of approximately 51.09% of the entire
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population in Ethiopian regions in 2020 (Our World in Data, 2022a;
Macrotreds, 2022), with a 3.03% increase from 2019 (Macrotreds,
2022). The percentage in rural areas was 39.4%. In 2020,
approximately 7.80% of the Ethiopian population had access to
clean cooking fuels or technologies (Our World in Data, 2022a).
Clean cookstoves are one example of a clean technology that can
help minimize exposure to indoor air pollution, a major cause of
death in low-income households. Several Ethiopian regions rely
heavily on renewable energy sources to supply their energy needs,
especially bioenergy in the form of solid biofuels like fuelwood,
charcoal, and agricultural waste. This is demonstrated by the
comparatively high share of renewable energy sources (including
biomass, wind, solar, and geothermal) in Ethiopia’s actual total
energy supply, which was approximately 88% in 2019 (IRENA,
2022). The hydro and marine industries supplied over 96% of the
electricity generation in 2020 (IRENA, 2022). More than 90% of
households cook with solid biomass fuels, mainly fuelwood, as cited
in the work of Yalew and Woldie (2021). This leads to indoor air
pollution (IAP), which in 2016 caused 3 million disability-adjusted
life years (DALYs), 65 thousand premature deaths (Global Health
Observatory, 2016), and 5% of all disease burden in Ethiopia
(Sanbata, Asfaw, and Kumie, 2014). Due to the negative effects of
IAP on human health and the environment as well as other factors
(such as the nation’s rapid rates of urbanization, industrialization,
and population growth), Ethiopia needs an energy system that is
adaptable, modern, dependable, and affordable in order to meet its
country’s rising energy needs (PDC, 2021).

Traditional solid biofuel burning for cooking, such as the use of
fuelwood, is not a sustainable practice because of the negative
effects on human health and the environment caused by air

pollution. All the aforementioned problems are caused by the
lack of modern, clean energy facilities. The use of biomass
resources helps alleviate the problems if appropriate technology
is used. In addition to energy production, biomass has many other
applications (Li et al., 2020; Tolessa et al., 2020; Cao et al., 2021;
Meng et al., 2023). The use of anaerobic digestion (AD) technology
could be among the best ways to produce clean and renewable
energy (like biogas) from organic biomass sources, including
livestock waste. Biogas produced via AD processes consists
primarily of methane (CH4) (40%–75%) and carbon dioxide
(CO2) (15%–60%) (Al Mamun and Torii, 2015; Tolessa, 2022)
(see Figure 1). AD technology has been recognized as one of the
most important sources of clean and renewable energy that can
improve the livelihoods of low-income rural societies, particularly
in developing countries (Tolessa et al., 2020).

Numerous Ethiopian regions are recently implementing AD at
the household level to meet their energy needs as a more sustainable
solution. Since 2009, the National Biogas Program of Ethiopia
(NBPE) has been in operation in the country (SNV, 2022). The
initiative began in Ethiopia’s Tigray, Oromia, Amhara, and Southern
Nations and Nationalities and Peoples’ (SNNP) regions before
expanding to nine regions in 2017 with the addition of the
Benishangul Gumuz, Afar, Somali, Gambella, and Sidama
regions. The first two phases of the program (NBPE I and NBPE
II) were funded by DGIS and the Ethiopian government, while the
current program, the Biogas Dissemination and Scale-Up
Programme of Ethiopia (NBPE+), is supported by the European
Union (EU) and the Ethiopian government through the Ministry of
Finance. The NBPE+ was developed and entered its implementation
phase in 2017.

FIGURE 1
Schematic diagram of AD phases of complex organic matter degradation.
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With a target of 36,000 installations of household-size and
40 larger-size digesters during a 63-month implementation
period, the NBPE+ is operating in nine regions of Ethiopia
(except Addis Ababa, Dire Dawa, and Harari) (SNV, 2022).
These domestic biodigesters use animal wastes, human wastes (or
domestic wastewater), agricultural residues, and food wastes as
biomass feedstock for producing biogas (Roopnarain and
Adeleke, 2017; Clemens et al., 2018). The generated biogas is
then used as cooking fuel, providing a safer, healthier alternative
to domestic fuelwood burning while simultaneously improving
energy availability and security in many of these Ethiopian
regions. Despite the enormous potential for producing biogas
from a variety of substrates, including animal manure, municipal
solid wastes, and agricultural residues (crop residues and animal
manure) in Ethiopian regions, anaerobic digestion is not widely used
in Ethiopia as expected, despite its small-scale presence (Rupf et al.,
2016), compared to other low-to-middle-income countries
(Mengistu et al., 2015; Tucho et al., 2016; Berhe et al., 2017).
Among these biomass resources, livestock effluents will be the
focus of this study, as this feedstock represents an abundant
source of untapped bioenergy in Ethiopian regions. According to
estimates, Ethiopia has Africa’s largest population of livestock
(Solomon et al., 2003; Tilahun and Schmidt, 2012; Leta and
Mesele, 2014). The livestock subsector makes a significant
contribution to the national economy of Ethiopia and serves as
the means of subsistence for many Ethiopians. Approximately 16.5%
of the nation’s GDP and 35.6% of the agricultural GDP are
contributed by the subsector (Leta and Mesele, 2014).

Understanding the potential of biomass sources is crucial for
developing sustainable energy strategies and planning the use of
biomass waste. Moreover, knowing where key feedstocks are
expected to be available and understanding their types, quality,
and energy potential can help determine the best sites to construct
potential renewable biomass energy plants. Although there are many
biogas models (fixed dome, floating drum, and balloon/plastic
models) installed in Ethiopia, there are limited studies on the
potential of Ethiopia’s biomass resources for producing
biomethane (Tolessa, 2023b). Although some authors have
studied the topic of biomass in Ethiopia, most of them have not
assessed the potential of Ethiopia’s biomass resources for producing
biomethane, in particular. The few studies that did consider this
focused on specific chosen residues and/or locations (Tucho et al.,
2017). For example, a recent study by Tolessa (2023a) focused
primarily on crop residues for the production of bioenergy.
Another study by Gabisa and Gheewala (2018) focused on
estimating the bioenergy potential from various biomass residue
sources, including the bioenergy potential from livestock; however,
it only looked at the total bioenergy potential rather than the
biomethane energy potential. Furthermore, studies on biomass
resources for use in alternative and renewable energy applications
were also undertaken in the country by Guta (2012) and Tucho et al.
(2015). However, according to Mohammed, Atnaw, and Desta
(2022), many other published papers in the country on biogas
and renewable energy primarily examine the environmental
advantages, adoption drivers, prospects, and socioeconomic and
technical hurdles of Ethiopian biogas technology.

To the authors’ knowledge, the potential availability of a variety
of livestock wastes for biomethane-based energy production in all

the Ethiopian regions has not yet been reported. Therefore, the
purpose of this study is to determine whether the biomass resources
from livestock waste in Ethiopia’s regions are sufficient to make AD
a feasible and sustainable technology. The goal of the study is to
estimate and quantify the potential availability of livestock waste
biomass feedstock resources that can be recovered and used to
produce biomethane energy as well as the total potential for
bioenergy, electrical energy, and thermal energy.

Overall, this study provides an assessment of the potential for
the generation of biomethane from widely accessible livestock
effluents produced by cattle, sheep, goats, horses, donkeys, and
poultry in all regions of Ethiopia to address the data gap in the
literature. The data gaps for bioenergy resources in Ethiopia include
the availability and amount of each livestock category waste biomass
feedstock resource and its regional distributions, as well as the
corresponding bioenergy potential. The estimated bioenergy
potential at the national, regional, and livestock category levels in
this study is expected to aid policy decisions and regional bioenergy
planning in the country. This study provides a baseline evaluation of
the livestock residue biomass resource potential for bioenergy
production. Such a baseline helps in identifying the biomass
resources from animals that are still underutilized for the
production of bioenergy. A comparable baseline can be
established for other places in the country and elsewhere to
quantify the bioenergy production potential from locally available
biomass resources. As a foundation for future research and policy
planning, this study may also assist investors and decision makers in
maximizing the use of locally accessible resources derived from
livestock residual biomass.

2 Methodology

For the current study, locally available livestock production data
in Ethiopian regions were obtained from the Ethiopian Central
Statistical Agency (CSA) (CSA, 2020) and used to estimate the
potential of animal waste biomass resources across the country for
energy production via anaerobic digestion technology. Manure
waste from six types of farm animals was considered for the
assessment. Livestock waste is an important component in the
generation of biogas owing to its composition. The generation of
livestock waste differs from country to country and from region to
region in a country, owing to variations in animal weight and size
and feed intake (Maithel, 2009; Mboumboue and Njomo, 2018).

Excreta produced by cattle, sheep, goats, horses, donkeys, and
poultry were considered to estimate the energy potential of livestock
effluents. Estimation of accurate values of livestock effluent’s dry
matter, recoverable fraction, and chemical and physical properties is
difficult. Thus, significant variations exist in the values reported by
several authors (Gabisa and Gheewala, 2018; Mboumboue and
Njomo, 2018; Tolessa et al., 2020; 2021). The production of
livestock waste varies from country to country and region to
region due to differences in animal weight, body shape, and feed
intake. Thus, the amount of waste collected can be influenced by the
region’s environment. The estimation of various waste parameters
should be as specific as possible in relation to the study region.
However, both locally and globally, these statistics are rarely
available. Therefore, due to a lack of local data relevant to the
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researched regions, various waste parameters linked to animal
manure were collected from comparable prior studies/literature,
and the average value for each residue type was employed in order to
evaluate the energy potential of livestock waste. This study has also
covered many studied specific areas for livestock waste in many
nations across the world to reflect more agricultural and climatic
situations. For estimating livestock effluent energy potential, some
indicative values of the waste parameters relevant to animal waste,
including daily volatile solid generation per livestock and biogas
yield per unit of volatile solid, were collected from the literature, as
presented in Section 3.2. Then, the average values were used to
estimate the amount of biogas that can be generated by each
livestock category as the biogas yield of a particular livestock
category waste depends on the dry matter organic fraction in the
livestock waste and the associated waste management system. The
dry matter (DM) of the effluent refers to the matter left after
moisture content removal and might be achieved as the weight
loss on heating to a temperature of 105 °C, whereas volatile solids
(VSs) refers to the organic fraction of dry matter in livestock effluent
(UNEP, 2013).

Equation 1 (UNEP, 2013; Gabisa and Gheewala, 2018;
Mboumboue and Njomo, 2018) is used to calculate the quantity
of livestock effluent biomass that can be collected for energy
application.

LW � 365
day
year

( ) xNlive x DMxRF, (1)

where LW is the amount of livestock waste that can be recovered for
energy use (kg y−1); Nlive is the number of livestock (heads); DM is
the amount of dry matter per head (kg d-1); and RF is a recoverable
mass fraction.

The annual biogas potential of a particular livestock waste in a
particular Ethiopian region was estimated using Equation 2, and
then, the yearly biomethane potential was calculated by assuming
that the methane content of the biogas is approximately 60%
(Tolessa et al., 2020; Tolessa, Goosen, and Louw, 2021b; Tolessa
et al., 2021).

BPwaste � LWxVS x BYwaste, (2)
where BPwaste is the annual amount of biogas potentially generated
from recoverable waste of a particular livestock in a particular
Ethiopian region (hm3 y−1); LW is the amount of livestock waste
that can be recovered for energy use (kg y−1); VS is the volatile solid
fraction in dry matter (kgVS kgDM−1); and BYwaste is the biogas yield
on VSs (m3 kgVS−1).

The energy potential of the biogas and biomethane recoverable
from the AD of livestock waste generated was estimated using the
following two equations (UNEP, 2013):

EPbiogas � BPwaste x HVbiogas, (3)
EPbiomethane � MPwaste x HVbiomethane, (4)

where EPbiogas and EPbiomethane are the energy potential of the
recoverable biogas and corresponding biomethane potential (TJ
y−1); MPwaste is the yearly recoverable methane potentially
generated from the recoverable waste of a particular livestock in
a particular Ethiopian region (hm3 y−1); and HVbiogas and
HVbiomethane are the heating values of biogas, 20 MJ m−3

(Mboumboue and Njomo, 2018), and biomethane, 35.8 MJ m−3,
respectively (UNEP, 2013).

After the combustion of the biomethane in a combined heat and
power (CHP) system, the available energy consists of thermal energy
(Etherm) and electrical energy (Eelec) and is estimated using the
following equation (Lübken et al., 2007; Bundhoo, Mauthoor, and
Mohee, 2016):

Eavailable � Ethermal + Eelectrical( )
� ηthermalx EPbiomethane( ) + ηthermalx EPbiomethane( ), (5)

where Eavailable is the available energy following the combustion of
biomethane (in a CHP) generated from a particular livestock waste
in a particular Ethiopian region (TJ y-1); Ethermal is the available
thermal energy (TJ y-1); Eelectrical is the available electrical energy (TJ
y-1), ηthermal is the thermal degree of efficiency, which is 42.0% (based
on higher heating value (HHV)) (Bundhoo, Mauthoor, and Mohee,
2016; Bundhoo and Surroop, 2019); ηelectrical is the electrical degree
of efficiency, which is 34.6% (based on HHV) (Bundhoo, Mauthoor,
and Mohee, 2016; Bundhoo and Surroop, 2019), and EPbiomethane is
the yearly energy potential of that particular livestock waste in that
particular Ethiopian region (TJ y-1).

3 Results and discussion

3.1 Livestock residue biomass resource
potential

Figure 2 and Figure 3 show that the most common livestock in
the agricultural systems of Ethiopia is cattle (70.3 M; 30% of the
total livestock), poultry (57.0 M; 24% of the total livestock), goat
(52.5 M; 22% of the total livestock), sheep (42.9 M; 18% of the total
livestock), donkey (10.8 M; 5% of the total livestock), and horse
(2.1 M; 1% of the total livestock), respectively. Cattle, goats, and
sheep account for approximately 70% of the total livestock reared
in the country. These three most significant livestock species
significantly contribute to the country’s GDP, according to the
work of Metaferia et al. (2011). The top three regions that farmed
livestock in the country are Oromia (68.1 M; 29%), Amhara (58 M;
25%), and Somale (34.8; 15%). At individual livestock type levels,
cattle are the dominant animal in the country. Among Ethiopian
regions that farmed with cattle, the highest number owned per
region was (25.5 M; 36%) in Oromia, followed by Amhara (17.3 M;
25%) and the SNNP Region (11.1 M; 16%). Leta and Mesele (2014)
conducted the spatial and regional distribution study and reported
that Oromia is the greatest producer of livestock, followed by
Amhara and the SNNP Region. A linear trend of growth was also
evident in the 5 year’s annual livestock production. Based on this
livestock production data, the biomass resource availability
analysis of livestock waste was conducted at both regional and
national levels. The gross and recoverable biomass potential,
available biogas, and biogas energy potential of livestock
effluents were estimated across all regions of Ethiopia in 2020/
21. The total biomethane and total bioenergy potential, as well as
the available energy after combustion in a CHP system for thermal
and electrical energies, were also estimated for each livestock type
across all regions, as detailed in the following.
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3.2 Livestock residue biomass resource
potential

3.2.1 Cattle
Over 70 million cattle were raised in Ethiopia in 2020/21 (CSA,

2020), with Oromia alone accounting for 36.3% of the cattle
production in the country, followed by Amhara (24.6%) and the
SNNP Region (15.8%). The average value of the reported amount of
dry matter per head of cattle is approximately 1.86 kg d−1 h−1 (Y. S.
Mohammed et al., 2013; Kemausuor et al., 2014; Shane, Gheewala,
and Fungtammasan, 2016; Mboumboue and Njomo, 2018; Gabisa
and Gheewala, 2018; Tolessa et al., 2021), with an average collection
efficiency of approximately 43% (Bidart, Fröhling, and Schultmann,
2014; Kemausuor et al., 2014; Shane, Gheewala, and Fungtammasan,
2016; Gabisa and Gheewala, 2018; Tolessa et al., 2020). Due to the
fact that animals in the country come from a variety of households
and move across the area to graze in communal areas during the day
and return to their respective areas at night, waste collection
efficiency is poor (Gabisa and Gheewala, 2018). The volatile solid

(VS) fraction of cattle waste has been previously studied, and the
average volatile solid fraction reported is 0.93 kgVS kgDM−1

(Pereraa et al., 2005; UNEP, 2013; Mboumboue and Njomo,
2018; Tolessa, Goosen, and Louw, 2021a). Many studies have
explored the AD of cattle waste due to its potential for the
production of biogas. A biogas output on a VS of 0.20 m3 kg−1

was reported by Mboumboue and Njomo (2018) and UNEP
(2015). According to Pereraa et al. (2005), dry cattle waste
produced a biogas yield of 0.23 m3 kg−1. According to the
information in Supplementary Table S2, Ethiopia could
potentially produce 47,636 ktDM y−1 of gross biomass from cattle
waste, of which 20,245 ktDM y−1 is recoverable. The amount of
biogas recoverable and corresponding recoverable biogas energy
from the AD of the cattle waste are estimated to be 3,962 hm3 y−1 and
79,247 TJ y−1, respectively, in Ethiopia. The total biomethane and
total bioenergy potential from AD of cattle manure in Ethiopia are
estimated to be 2,377 hm3 per year and 85,112 TJ y−1, respectively,
corresponding to a total available energy of 65,196 TJ y−1

(35,747 TJ y−1 of thermal energy and 29,449 TJ y−1 of electrical

FIGURE 2
Percentage of livestock category in Ethiopia at the national level, drawn based on the data in Supplementary Table S1.

FIGURE 3
Comparison of the number of livestock in Ethiopia at national and regional levels, drawn based on the data in Supplementary Table S1.
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energy). Oromia has the highest total biomethane and total
bioenergy potential from livestock waste, as shown in Figure 4,
followed by Amhara, the SNNP Region, Somale, and Tigray.

3.2.2 Sheep
Sheep are raised mainly for meat, which is used as food for

human consumption in Ethiopia. Approximately 43 million sheep
were reared in Ethiopia in 2020/21, with Somale accounting for the
highest number of sheep production (25.7%), followed by Amhara
(24.2%) and Oromia (22.7%) (CSA, 2020). The amount of dry
matter per head of sheep is reported to be 0.37 kg d−1 h−1 on
average (Mohammed et al., 2013; Kemausuor et al., 2014;
Shane, Gheewala, and Fungtammasan, 2016; Gabisa and
Gheewala, 2018; Mboumboue and Njomo, 2018), with a
collection efficiency of approximately 32% (Bidart, Fröhling,
and Schultmann, 2014; Kemausuor et al., 2014; Shane,
Gheewala, and Fungtammasan, 2016; Gabisa and Gheewala,
2018; Mboumboue and Njomo, 2018; Tolessa et al., 2021). The
VS fraction of sheep waste has been previously studied, and the
reported average volatile solid fraction is 0.91 kgVS kgDM−1

(UNEP, 2013; Mboumboue and Njomo, 2018). According to the
information in Supplementary Table S3, following AD of sheep
manure under mesophilic conditions, an average biogas yield of
0.28 m3 kg−1 has been reported in the literature (UNEP, 2013;
Bidart, Fröhling, and Schultmann, 2014; Mboumboue and Njomo,
2018). The gross and recoverable biomass generated from sheep
waste are estimated to be 5,819 ktDM y−1 and 1,852 ktDM y−1,
respectively. Estimates for the amount of recoverable biogas and
the associated biogas energy from AD of sheep waste in Ethiopia
are 471 hm3 y−1 and 9,427 TJ y−1, respectively. The total
biomethane and bioenergy potential of sheep manure are
estimated to be 283 hm3 y−1 and 10,125 TJ y−1, respectively, in
Ethiopia, corresponding to a total available energy of
7,755 TJ y−1 (4,252 TJ y−1 of thermal energy and 3,503 TJ y−1 of
electrical energy). As illustrated in Figure 5, Somale, Amhara, and
Oromia are the three Ethiopian regions with the highest
biomethane potential from sheep manure.

3.2.3 Goats
In 2020/21, over 52 million goats were raised in Ethiopia, with

Somale (31.4%), Afar (16.9%), Oromia (16.1%), and Amhara
(13.4%) being the main producers (CSA, 2020). The amount of
daily generated dry manure from goats is reported to be
0.42 kg d−1h−1 (Y. S. Mohammed et al., 2013; Kemausuor et al.,
2014; Shane, Gheewala, and Fungtammasan, 2016; Mboumboue and
Njomo, 2018; Gabisa and Gheewala, 2018; Tolessa et al., 2021), with
an average collection efficiency of approximately 29% (Bidart,
Fröhling, and Schultmann, 2014; Kemausuor et al., 2014; Shane,
Gheewala, and Fungtammasan, 2016; Gabisa and Gheewala, 2018;
Mboumboue and Njomo, 2018; Tolessa et al., 2020). The determined
average VS fraction from goat waste is 0.60 kgVS kgDM−1 (Pereraa
et al., 2005; UNEP, 2013; Mboumboue and Njomo, 2018), while the
average biogas yield of 0.29 m3 kg−1 has been reported in previous
studies (Pereraa et al., 2005; UNEP, 2013; Bidart, Fröhling, and
Schultmann, 2014; Mboumboue and Njomo, 2018). Based on the
data from Supplementary Table S4, the generated gross and
recoverable biomass from goat waste are estimated to be
8,065 ktDM y−1 and 2,299 ktDM y−1, respectively. The recoverable
biogas amount and corresponding biogas energy from AD of goat
waste in Ethiopia are estimated to be 398 hm3 y−1 and 7967 TJ y−1,
respectively. From goat waste, the estimated total biomethane and
total bioenergy potential in Ethiopia are approximately 239 hm3 y−1

and 8,557 TJ y−1, respectively, corresponding to a total available
energy of 6,554 TJ y−1 (3,594 TJ y−1 of thermal energy and
2,961 TJ y−1 of electrical energy). As demonstrated in Figure 6,
the highest biomethane energy potential is estimated for Somale,
followed by Afar, Oromia, and Amhara.

3.2.4 Horses
Horses are one of the livestock reared in some Ethiopian regions.

In 2020/21, total horses raised in Ethiopia amounted to more than
2.1 million heads, with Oromia, Amhara, and the SNNP Region
accounting for 61.0%, 22.8%, and 14.4% of the total production,
respectively (CSA, 2020). Following horses’ production, horse
manure is generated as waste that amounts to 3.15 kg d−1 h−1 of

FIGURE 4
Biomethane production from cattle waste in Ethiopia, drawn based on the data in Supplementary Table S2.
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dry manure on average, as reported in the literature (Gabisa and
Gheewala, 2018; Mboumboue and Njomo, 2018), with an average
collection efficiency of approximately 31% (Bidart, Fröhling, and
Schultmann, 2014; Gabisa and Gheewala, 2018; Mboumboue and
Njomo, 2018). The VS fraction and the potential of biogas yield
production from horse waste have been previously studied, and the
average volatile solid fraction and biogas yield on VS reported are
0.88 kgVS kgDM−1 (UNEP, 2013; Mboumboue and Njomo, 2018)
and 0.16 m3 kg−1 (UNEP, 2013; Bidart, Fröhling, and Schultmann,
2014; Mboumboue and Njomo, 2018), respectively. From the data
reported in Supplementary Table S5, the total gross biomass
generated from horse waste in Ethiopia is estimated to be
2,470 ktDM y−1, of which 766 ktDM y−1 is available as
recoverable. The recoverable biogas amount and corresponding
biogas energy from AD of horse waste are estimated to be
109 hm3 y−1 and 2180 TJ y−1, respectively, in Ethiopia. The total
biomethane and total bioenergy potential from horse waste in

Ethiopia approximate 65 hm3 per year and 2,341 TJ y−1,
respectively, corresponding to a total available energy of
1,794 TJ y−1 (983 TJ y−1 of thermal energy and 810 TJ y−1 of
electrical energy). As illustrated in Figure 7, Oromia, Amhara,
and the SNNP Region are the three Ethiopian regions with the
highest biomethane potential from horse waste.

3.2.5 Donkeys
Donkeys provide a variety of services in Ethiopia, including the

transportation of goods, particularly in rural areas. In 2020/21,
approximately 10.79 million donkeys were raised in seven
Ethiopian regions, with Oromia and Amhara accounting for
over three-quarters of the total production in Ethiopia (CSA,
2020). The generated amount of daily dry manure from
donkeys is assumed to be 3.0 kg d−1 h−1, with an assumed
collection efficiency of approximately 31% (Bidart, Fröhling,
and Schultmann, 2014). Studies on AD of donkey waste are

FIGURE 5
Biomethane production from sheep waste in Ethiopia, drawn based on the data in Supplementary Table S3.

FIGURE 6
Biomethane production from goat waste in Ethiopia, drawn based on the data in Supplementary Table S4.
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relatively few in the literature. The determined average VS fraction
from donkey waste is 0.88 kgVS kgDM−1, while the average biogas
yield of 0.17 m3 kg−1 has been reported in a previous study (Bidart,
Fröhling, and Schultmann, 2014). Based on the data from
Supplementary Table S6, the gross and recoverable biomass
generated from donkey waste are estimated to be
11,817 ktDM y−1 and 3,663 ktDM y−1, respectively. The amount
of recoverable biogas and corresponding biogas energy from AD of
the donkey waste in Ethiopia are estimated to be 529 hm3 y−1 and
10,590 TJ y−1, respectively. The biomethane and bioenergy
potential from donkey waste in Ethiopia are estimated to be
65 hm3 y−1 and 2,341 TJ y−1, respectively, corresponding to a
total available energy of 8,712 TJ y−1 (4,777 TJ y−1 of thermal
energy and 3,935 TJ y−1 of electrical energy). The highest
biomethane potential from donkey waste is determined for
Oromia and Amhara to be 114.8 and 109.7 hm3 y−1, as
presented in Figure 8.

3.2.6 Poultry
In 2020/21, Ethiopia raised approximately 57 million poultry,

with Oromia and Amhara alone accounting for 34% and 33% of the
country’s poultry production, respectively, followed by the SNNP
Region (24.6%) and Tigray (15.8%) (CSA, 2020). Poultry was found
in the country in the highest numbers after cattle, but it produces a
small amount of manure per head. The reported amount of dry
matter per poultry head is approximately 0.05 kg d−1 h−1 on average
(Mohammed et al., 2013; Kemausuor et al., 2014; Shane, Gheewala,
and Fungtammasan, 2016; Gabisa and Gheewala, 2018;
Mboumboue and Njomo, 2018; Tolessa et al., 2021), with an
average collection efficiency of approximately 68% (Kemausuor
et al., 2014; Shane, Gheewala, and Fungtammasan, 2016; Gabisa
and Gheewala, 2018; Mboumboue and Njomo, 2018; Tolessa et al.,
2020). The VS fraction of poultry waste has been previously studied,
and the average volatile solid fraction is 0.47 kgVS kgDM−1 (Pereraa
et al., 2005; UNEP, 2013; Mboumboue and Njomo, 2018). Pereraa

FIGURE 7
Biomethane production from horse waste in Ethiopia, drawn based on the data in Supplementary Table S5.

FIGURE 8
Biomethane production from donkey waste in Ethiopia, drawn based on the data in Supplementary Table S6.
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et al. (2005) andUNEP (2013) reported a biogas yield of 0.18 m3 kg−1

dry poultry waste on VS. According to the data in Supplementary
Table S7, the gross biomass generated from poultry waste in
Ethiopia is estimated to be 1,137 ktDM y−1, with 773 ktDM y−1

being recoverable. In Ethiopia, the amount of biogas recoverable
and corresponding biogas energy from the AD of poultry waste are
estimated to be 65 hm3 y−1 and 1,301 TJ y−1. The total biomethane
and total bioenergy potential from AD of poultry waste are
estimated to be 39 hm3 y−1 and 1,398 TJ y−1, respectively,
corresponding to a total available energy of 1,071 TJ y−1

(587 TJ y−1 of thermal energy and 484 TJ y−1 of electrical energy).
Oromia and Amhara have the highest total biomethane potential
from poultry waste, as shown in Figure 9, followed by the SNNP
Region, Somale, and Tigray.

3.3 Livestock waste biomass potential

3.3.1 Biogas and energy potential from animal
waste biomass

Total recoverable livestock waste is estimated to be
approximately 29,598 ktDM y−1 (as presented in Supplementary
Table S8), indicating that 38% of gross manure produced is
surplus and recoverable. The recoverable fraction of livestock
waste can generate approximately 5,536 hm3 y−1 of biogas, which
is equivalent to 110,713 TJ y−1 of bioenergy in Ethiopia. The total
biogas potential available from recoverable livestock waste is
primarily from cattle, with approximately 3,962 hm3 y−1 of biogas
(71%). This high potential is due to the relatively large amount of
waste generated by cattle (approximately 1.86 kg dry matter per
head per day on average) and the large number of cattle in the
country, which ranks fifth in the world as cited in the work of Gabisa
and Gheewala (2018), resulting in a large amount of cattle waste
recovered. Moreover, cattle were owned by themajority of Ethiopian
households as part of their production system.Most family farms are
located in rural areas of the country, and livestock are generally
allowed to roam freely during the day. As a result, it is assumed that
for half of the day, most of the produced manure is unrecoverable.

However, livestock are generally kept close to the house during the
day to prevent animal theft, which provides an excellent opportunity
to facilitate manure recovery.

3.3.2 Biomethane and bioenergy potential
comparison
3.3.2.1 Comparison among livestock waste potential

Among the livestock waste considered in this study, cattle waste
has the highest biomethane potential estimated for Ethiopia, at
2,377 hm3 y−1, followed by donkey (318 hm3 y-1), sheep
(283 hm3 y−1), and goat waste (239 hm3 y−1), as shown in
Figure 10. After the combustion of the biomethane in a CHP
system, this corresponds to an available energy of 65,196 TJ y−1

(cattle waste), 8,712 TJ y−1 (donkey waste), 7,755 TJ y−1 (sheep
waste), and 6,554 TJ y−1 (goat waste) (see Supplementary Table
S8). The high energy potential of livestock waste is due to the
high production of this livestock in Ethiopia and the high methane
yields of the residues, with cattle accounting for approximately 72%
of the total. The residue with the lowest biomethane and bioenergy
potential is poultry since it produces a small amount of waste per
head on a daily basis.

3.3.2.2 Comparison among Ethiopian regions
The bioenergy potentials of livestock residues considered in this

study vary significantly across Ethiopian regions. The bioenergy
potential of Ethiopian regions is determined by their size and
geographical locations. Oromia has the highest bioenergy
potential, whereas Harari has the lowest energy potential.
Overall, the major potential producers of biomass and bioenergy
are Oromia, Amhara, and the SNNP Region. As shown in Figure 11,
the total biomethane and corresponding bioenergy recoverable from
AD of livestock residues are estimated to be 3,321 hm3 y−1 and
118,906 TJ y−1 (equivalent to 33 TWh), respectively. This accounted
for approximately 89% and 31% of Ethiopia’s total primary energy
production and consumption in 2019, respectively; the estimated
Ethiopia’s total primary energy production and consumption were
37 TWh (or 133,200 TJ y−1) and 106 TWh (or 381,600 TJ y−1),
respectively (EIA, 2021). In 2019, hydropower (95.83%), wind

FIGURE 9
Biomethane production from poultry waste in Ethiopia, drawn based on the data in Supplementary Table S7.
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(3.75%), and other sources (0.42%) accounted for the majority of
electricity generation in Ethiopia (Our World in Data, 2022b).

The energy produced by the burning of biomethane in a CHP
system totals 91,082 TJ y−1 (25.3 TWh), of which 49,940 TJ y−1

(13.9 TWh) is thermal energy and 41,141 TJ y−1 (11.4 TWh) is
electrical energy. However, the smaller the CHP capacity, the
lower the electricity yield. As shown in Figure 12 and Figure 13,
the estimated 11.4 TWh electrical energy suggests that AD of
livestock residues could supply 81% and 11% of Ethiopia’s total
electricity generation and total primary energy consumption in
2019, respectively. Thermal energy can be used to heat the
substrates to the required digestion temperature (mesophilic or
thermophilic temperatures), to maintain the operating
temperature inside the reactors, and to reduce the digestate
moisture content, which can then be used as feedstock in a

composting process. Otherwise, thermal energy can be used in
absorption chillers or refrigerators (Bundhoo and Surroop, 2019).

Estimating livestock effluent availability for AD application is
critical for the sustainability of biomass supply. The estimated
results show a significant biomass potential for the production of
biogas and/or biomethane-based energy in the country, which can
significantly improve energy access while minimizing traditional
biomass use. Livestock waste is either directly applied to crops or
farming fields as a biofertilizer, used in dried form for cooking, or left
unused. Livestock waste biomass resources can be used to generate
bioenergy if used correctly and with the appropriate processing
technology (including type and scale of AD; further studies are
recommended in the following paragraphs). Anaerobic digestion
could be a viable option for generating bioenergy. The communal
design type with a large-scale digester is more affordable for a

FIGURE 10
Biomethane production from livestock waste in Ethiopia (drawn based on the data in Supplementary Table S8).

FIGURE 11
Total recoverable biomethane potential across Ethiopian regions.
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family/farmer/household with more than 30 cattle (equivalent
substrate), whereas for a family/farmer/household with two or
three cows (equivalent substrate), a smaller household design
type digester with a capacity of 4–12 cubic meters might be more
affordable (Widodo et al., 2009; Putra, Liu, and Lund, 2017; Tolessa
et al., 2020; 2021). The household-scale type digester is more
advantageous for families/farmers/households since it can
produce bio(gas/methane) with less initial capital outlay and
ongoing maintenance (Vu et al., 2015; Tolessa et al., 2020; 2021).
Additionally, household-scale digesters can be more desirable in
rural areas with very low population densities where feedstock is
easily accessible within a limited range for a small farm. This is
appropriate for smallholder farms without the key issue of storage
and transport. Currently, no households in Ethiopia’s rural areas use
biogas to a significant extent. The use of biomass resources to

provide clean and renewable energy to rural farming households
can help alleviate the problems caused due to the lack of modern,
clean energy facilities. It also increases the productive capacity of
farming households.

Literature has paid little attention to the challenges impeding
the implementation of anaerobic digestion in Africa, including
Ethiopia, which include financial constraints, technical and
infrastructural constraints, and weak legal and institutional
frameworks (Kemausuor, Adaramola, and Morken, 2018).
From a financial constraint perspective, the cost of
establishing anaerobic digesters, particularly medium to large
scale, is quite high, and this is frequently a major impediment to
technology implementation in most developing countries
(Capodaglio, Callegari, and Lopez, 2016). The incurred costs
include costs related to permits, project feasibility studies

FIGURE 12
Recoverable electrical energy from livestock waste across Ethiopian regions.

FIGURE 13
Electricity generation and primary energy consumption of the years 2010–2019.
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(preparation studies), and land procurement, investment costs
related to biogas plant construction and commissioning, grid
network connection, and social/environmental clearances, and
plant operating costs, which may include expenses associated
with feed collection, transportation, and preparation. As
previously stated and cited by Bundhoo and Surroop (2019),
the costs of established commercial technologies with high
automation are even higher.

Lack of awareness, knowledge, and technical experience
about the process of AD and its potential for the generation of
renewable energy may be technical barriers, reducing its visibility
to potential investors and policymakers (Goemans, 2017;
Muvhiiwa et al., 2017; Bundhoo and Surroop, 2019; Tolessa,
2022). Nevertheless, technical barriers are particularly associated
with a lack of local technical experience in aspects linked to AD
plant construction, commissioning, operation, and maintenance
(LTS, 2017; Kemausuor, Adaramola, and Morken, 2018).
Furthermore, in terms of poor legal and institutional
frameworks, Ethiopia has renewable energy road maps, but
due to a poor legal and institutional framework and lack of
policy decisions, these targets will remain unmet. A biogas
project implementation may be overdue owing to unassigned
responsibilities at various project development levels due to a
lack of a proper institutional setup (Kemausuor, Adaramola, and
Morken, 2018). Similarly, the lack of government policy
decisions frequently discourages large-scale AD plant
construction due to a lack of guarantees, incentives, and
sharing risk in Africa (LTS, 2017).

In Ethiopia, to encourage the implementation of medium-to
large-scale AD, governments must first develop a roadmap for
renewable energy, with biomass energy as a key component. As a
result, governments must ensure that the mechanisms required to
facilitate the development of the biomass energy sector are in place.
Some recommendations to facilitate medium-to-large-scale
development of AD in Ethiopia are based on the following
barriers: policies and financial incentives, campaigns for training
and public awareness, and the establishment of appropriate legal and
institutional frameworks.

Based on some limitations of the current investigation, it is
mainly suggested that future research focus on the exact availability
of livestock effluent in Ethiopia. These future work’s aspects may
include the specificity of waste generation by region, yearly variation
in livestock waste biomass production, livestock waste fraction used
as a biofertilizer, and region- and climate-dependent values for dry
matter. Second, determining the livestock effluents’ biomethane
potentials specific to Ethiopian regions opens the door to several
potential future studies. Third, one aspect that has been overlooked
in this study is co-digestion (simultaneous digestion of two or more
substrates). In Ethiopia, livestock effluents are not the only suitable
substrates available for AD application. Other substrates include,
among others, process- and field-based crop residues, wastewater,
and food wastes. As a result, while co-digestion is not covered in this
study, it may be investigated in the future. Furthermore, future
research could investigate the economics of various AD scales and
methods in Ethiopian regions and conduct cost-benefit analyses. In
addition to economics, the relationship between socioeconomic
indicators and biomethane potential may be deemed as potential
future work.

Overall, this study found that AD based on livestock waste
biomass can contribute significantly to Ethiopia’s energy needs.
The study’s findings revealed that if more emphasis is placed on
bioenergy production from livestock waste, the existing energy
access problem in many Ethiopian regions can be alleviated,
assuming that the amount of required biomass for soil fertility is
maintained. Furthermore, proper livestock waste biomass
utilization to produce bioenergy in Ethiopian rural areas can
substitute a high percentage of traditional solid biomass fuels
used for cooking (approximately 90% of households) (Padam
et al., 2018; Yalew and Woldie, 2021). Shifting from traditional
solid fuels (such as wood, charcoal, and straw) to more efficient
modern fuels, such as biomethane, can result in significant
reductions in air pollution in households while also reducing
pressure on natural resources.

Finally, the paper recommends that different AD technologies
be adapted and/or developed to meet local needs (including the
availability of feedstock: biomass and water). This could be carried
out to investigate potential strategies for increasing biomass
potential and utilizing resources more effectively (e.g., a study on
whether the use of a community digester shared by households
(centralized), household digester types (decentralized), or a large-
scale digester is more feasible in local situations). Furthermore,
future studies on the effective use of available resources for AD
application in the country and across regions would be extremely
beneficial to future project assessments. To realize the full potential
of AD and assist farmers in better-utilizing farm residues, further
research should focus on alternative approaches and usages, for
example, natural biogas/bio-natural gas for vehicles, BioNGV (e.g.,
for conventional fuel substitution), in the context of the circular
economy and economic development (Tolessa et al., 2021; Tolessa,
2022; Tolessa, Louw, and Goosen, 2022). As a result, farmers may be
able to diversify their income and enhance their socioeconomic
development.

Overall, future research on the exact distribution of locations,
their availability, and the ecological and economic benefits of
collecting and converting biomass feedstock at a national scale
could be conducted to incorporate it into the mainstream energy
sector. Further research on other wastes, such as crop residue,
kitchen waste, abattoir waste, and wastewater, is also advised to
maximize the biomass potential of the country and the regions.
Future studies are also advised to develop and/or adapt the best AD
technologies in accordance with regional conditions and demands
by working with potential users and stakeholders, which could lower
capital costs and, thereby, lessen the need for financial support. AD
technology can be built on a variety of scales, and the size of a project
has an impact on economies of scale that should be considered in the
planning stages.

4 Conclusion

The availability of biomass resources remains amajor concern in
the bioenergy production portfolio, particularly for anaerobic
digestion applications. Livestock residue biomass assessment in
this study has revealed that there is substantial potential for
biomass feedstock for AD applications in Ethiopia. Cattle waste
produces the most biomethane (2,377 hm3 y−1) and bioenergy
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(85,112 TJ y−1) of the six livestock category effluents studied,
followed by donkey and sheep wastes. The total biomethane and
corresponding bioenergy potential from livestock effluents were
calculated to be 3,321 hm3 y−1 and 118,906 TJ y−1, respectively,
while biomethane combustion in a CHP system produces
49,940 TJ y−1 of thermal and 41,141 TJ y−1 of electricity energy.
When comparing Ethiopian regions, Oromia has the highest
potential for biomethane and bioenergy (40,568 TJ y−1), while
Harari has the lowest (144 TJ y−1). Despite the enormous
potential of anaerobic digestion in Ethiopia, its low uptake is
attributed to several factors that, if addressed, could substantially
accelerate its development and improve the generation of
sustainable energy in Ethiopian regions. Critical elements of the
Ethiopian region’s sustainable bioenergy industry include
conducting research and development, creating a database for
local biomass resources, and creating a unified bioenergy unit
and policy with the participation and collaboration of all
stakeholders. Additionally, decentralized model development,
capacity training and awareness-raising, and value chain analysis
of biomass feedstock are all crucial for the development of the
country’s bioenergy sector. Establishing bioenergy generation will
play a significant role in reducing energy poverty, reducing
greenhouse gas emissions, and alleviating socioeconomic
problems in general. It will also result in the employment of
many young people, addressing society’s social problems.
Promoting a good waste management system, afforestation, and a
modern agricultural system will make a significant contribution to
the country’s energy sector.
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