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Abstract 

Despite enormous challenges in accessing sustainable energy supplies and advanced energy technologies, Ethiopia 
has one of the world’s fastest growing economies. The development of renewable energy technology and the build-
ing of a green legacy in the country are being prioritized. The total installed capacity for electricity generation in Ethio-
pia is 4324.3 MW as on October, 2018. Renewable energy accounts for 96.5% of total generation; however, despite 
the county’s enormous biomass energy potential, only 0.58% of power is generated using biomass. Ethiopia has 
surplus woody biomass, crop residue and animal dung resources which comprise about 141.8 million metric tons of 
biomass availability per year. At present the exploited potential is about 71.9 million metric tons per year. This review 
paper provides an in-depth assessment of Ethiopia’s biomass energy availability, potential, challenges, and prospects. 
The findings show that, despite Ethiopia’s vast biomass resource potential, the current use of modern energy from 
biomass is still limited. As a result, this study supports the use of biomass-based alternative energy sources without 
having a negative impact on the socioeconomic system or jeopardizing food security or the environment. This finding 
also shows the challenges, opportunities and possible solutions to tackle the problem to expand alternative energy 
sources. The most effective techniques for producing and utilizing alternate energy sources were also explored. 
Moreover, some perspectives are given based on the challenges of using efficient energy production and sustainable 
uses of biomass energy in Ethiopia as it could be also implemented in other developing countries. We believe that 
the information in this review will shed light on the current and future prospects of biomass energy deployment in 
Ethiopia.

Keywords:  Biomass resource potential, Challenges, Ethiopia, Opportunities, Renewable energy

© The Author(s) 2021. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativecom-
mons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Background
The global energy demand is increasing and is expected 
to continue to increase with predicted population growth 
and the expansion of energy-dissipative economic 
activities in the coming decades [1]. Despite significant 
advances in renewable energy technology, fossil fuels 
still control the bulk of the energy market [2], which are 
directly linked to greenhouse gas (GHG) emissions and 

climate change. However, the trend of primary energy 
sources indicates that renewable energy will be the fast-
est-growing energy source over the next two decades [3]. 
Biomass accounts for more than one-third of primary 
energy. Concerns about global climate change, acid rain, 
air pollution from the use of fossil fuels, and advance-
ments in biomass technology have revived interest in 
biomass energy as a renewable and sustainable energy 
sources. The use of biomass, along with other renewable 
energy sources, can help to meet the world’s growing 
energy demand.

Biomass energy, or bioenergy, is created when bio-
mass is converted into electricity, heat, power, or 
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transportation fuels. Because trees and plants can be 
grown, harvested, and re-grown in a short period of 
time, biomass is a renewable energy resource. Further-
more, this process generates residues, wastes, and gases 
continuously [4]. For basic cooking and lighting, more 
than 80% of the sub-Saharan African (SSA) popula-
tion relies on solid biomass, such as firewood, charcoal, 
agricultural by-products, and animal waste [5]. These 
biomass fuels are burned in unventilated kitchens using 
smoky and inefficient conventional stoves with poor 
combustion, resulting in a significant concentration of 
hazardous pollutants, primarily carbon monoxide and 
particulate matter, as well as nitrogen oxides and polyaro-
matic hydrocarbons [6]. Furthermore, exposure to indoor 
air pollution increases the incidence of acute lower res-
piratory infections (ALRI) in children and adult chronic 
obstructive pulmonary disease (COPD) in adults [6, 7].

In 2010, bioenergy accounted for 12% of the world’s 
total final energy consumption, with 9% coming from 
traditional sources and 3% from modern bioenergy [8]. 
Therefore, to meet international goals to double the 
global share of renewables by 2030, a rapid increase in 
the use of modern biomass is necessary. Solid biomass is 
the most common source of energy in SSA, accounting 
for around 70% of the continent’s total energy consump-
tion. Approximately 280 million tons of oil equivalents 
of solid biomass are now utilized in SSA, accounting for 
90% of household energy [5, 6]. Almost all of this is wood, 
straw, charcoal, or dried animal and human waste, which 
is largely used as cooking fuel. Of the approximately 915 
million inhabitants in SSA in 2012, an estimated 730 mil-
lion (about 80%) have no access to clean cooking facili-
ties [5, 6]. While biomass offers many benefits for the 
worldwide mix of renewable energy, it is inefficiently 
exploited in most SSA nations, resulting in a signifi-
cant degradation of forest resources and a slew of nega-
tive consequences for the climate, human health, and 
social well-being. As a result, utilizing biomass to deliver 
modern energy services to the world’s poor in a sustain-
able and efficient manner remains critical for community 
development.

Ethiopia has one of Africa’s fastest growing economies, 
but it has one of the world’s poorest access to modern 
energy supplies. The majority of Ethiopia’s population 
lives in rural areas and is heavily reliant on agriculture; 
the primary source of energy for this rural population is 
biomass (biomass of wood, solid, and agricultural wastes) 
(Table  1), accounting for approximately 87% of total 
energy supply [9]. Nevertheless, there are significant dif-
ferences in the current energy systems in rural and urban 
areas. Almost all rural households rely on traditional 
biomass for cooking and baking, whereas approximately 
90% of urban populations rely on electricity for lighting. 

Ethiopia has enormous biomass energy potential, but it 
is not being utilized efficiently and effectively. Ethiopia’s 
estimated exploitable biomass potential and currently 
exploited biomass potential are 141.8 and 70.9 million 
tons per year [5], respectively (see Table 1).

Despite its heavy reliance on traditional energy 
sources, the country is gradually transitioning away 
from non-renewable energy sources and toward a clean 
and renewable energy supply. Because of the fast-grow-
ing economy and flourishing infrastructures, energy 
demand is currently increasing at an alarming rate [9]. 
Therefore, finding an alternative energy source to over-
come the issues associated with traditional biomass 
energy sources could be advocated at its best.

This review paper provides an in-depth assessment of 
biomass energy sources in Ethiopia, along with remarks 
on its availability, potential, opportunity, and chal-
lenges. The review also discusses the current and future 
prospect of biomass energy deployment in Ethiopia and 
their conversion processes are also presented briefly.

Energy context in Ethiopia
Access to energy
Nearly 1.06 billion people in the world do not have 
access to electricity [10] and 2.5 billion people still use 
traditional energy to meet their cooking requirements. 
Moreover, its accessibility varies widely across regions 
and the situation is dismal in the least developed coun-
tries (LDCs) and SSA. According to WEO 2017, the 
rate of electrification in SSA has nearly tripled since 
2012, compared to the rate between 2000 and 2012. 
East Africa, in particular, has made significant progress, 
with the number of people without access dropping 
by 14% since 2012  (see Fig.  1) [10]. Despite this turn-
around, 590 million people roughly 57% of the popula-
tion remain without access in SSA, making it the largest 
concentration of people in the world without electricity 
access as efforts have often struggled to keep pace with 
population growth. Over 80% of those without electric-
ity live in rural areas, where the electrification rate is 
less than 25%, compared with 71% in urban areas [10].

Table 1  Biomass energy potential of Ethiopia [5]

Resource Exploitable potential 
(million tons per year)

Currently exploited 
(million tons per 
year)

Woody biomass 74 60

Crop residue 38 4.9

Dung 29.8 7

Grand total 141.8 71.9
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In 2016, approximately 45% and only 6% of Ethiopia’s 
total population had access to electricity and clean cook-
ing, respectively (Fig.  1b) [10]. About 85% of Ethiopia’s 
urban population has access to public electricity. This 
figure is only 29% for the rural population (Fig.  2). In 
Ethiopia, approximately 93 million people rely on solid 
biomass for cooking [11]. Over 90% of domestic energy 
needs are met by biomass, which contributes to defor-
estation, soil nutrient loss, and organic matter loss. In any 
case, Ethiopia is one of the countries that places a high 
value on biomass (Fig. 1) [10].

Overall energy production and consumption
There are three main sources of energy in Ethiopia. These 
are biomass, petroleum, and electricity of which, only 
petroleum products have been imported. From 37,357 
ktoe of total energy supply in 2014, the share of bio-
mass was 33,645 ktoe (90%) and energy supplied from 
Petroleum products and Electricity is 3712 ktoe which 
accounts for 10% of the total (3047 ktoe from petroleum 
product and 665 ktoe is from electricity, accounting for 
8.2% and 1.8%, respectively) [12] (Fig.  3a). In the same 
year, the energy consumption of Ethiopia was 35,192 ktoe 
from which, the share of biomass was 90% (31,699 ktoe) 
and 8.5% (2973 ktoe) and 1.5% (520 ktoe) was fulfilled by 
petroleum products and electricity, respectively [12].

Households, transport, industry and construction and 
commercial sectors are identified as the more energy-
consuming sectors in Ethiopia. The final energy con-
sumption of Ethiopia was grown to 35,583 ktoe in 2014. 
Households and transportation sectors were the two 
largest energy-consuming sectors, accounting for 32,323 

Fig. 1  a Populations relying on biomass and those who live without 
access; b rate of electrification and populations without access of 
clean cooking in East Africa as of 2016 [10]

Fig. 2  Urban and rural access to electricity in Ethiopia (1990–2018) [11]
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ktoe (90.8%) and 2213 ktoe (6.2%) of energy consumed, 
respectively. They were followed by industry and con-
struction 656 ktoe (1.9%) and commercial 391 ktoe 
(1.1%) in 2014 (Fig. 3b) [12]. In Ethiopia, like many devel-
oping countries, non-commercial biomass plays a big role 
in energy supply, especially in the household sector. The 
transport, agriculture, commercial and industrial sectors 
rely mainly on commercial energy, especially petroleum 
fuels and electricity.

In general, the energy profile of Ethiopia can broadly 
be defined by biomass energy specifically the traditional 
use of biomass for cooking. Most of the biomass energy is 
used for cooking in the household sector. Being depend-
ent on the traditional use of biomass, the energy utiliza-
tion of the country is inefficient and unsustainable. The 
largest portion of biomass energy is lost as waste energy 
to the environment due to the use of very low energy effi-
ciency traditional cooking technology; consequently, only 
a very small portion of it becomes useful energy.

Electricity generation
Ethiopia is endowed with renewable and sustainable 
energy sources. These include hydropower and, to a 
lesser extent, wind, geothermal and solar as well as bio-
mass. The approximate potential for hydropower is 
around 45 gigawatts (GW), for wind is 10 GW and 
for geothermal is 5 GW, and solar irradiation ranges 
from 4.5 kilowatt-hours (kWh)/m2/day to 7.5 kWh/m2/
day [13]. Only a small amount of the renewable energy 
potential is harnessed today. Grid electricity is the main 
source of modern energy in Ethiopia. Today electric-
ity in the country is produced from hydro, geothermal, 
wind, biomass (Reppie Waste-to-Energy) and diesel. 
The total installed electric power generation capacity as 
of October 2018 was 4324.3  MW (Fig.  4), comprising a 
mix of hydropower, wind generation, diesel, geothermal 
and waste-to-energy from municipal solid wastes. The 

interconnected system (ICS) and self-connected system 
(SCS) are the two power supply systems in the country. 
ICS consists of 13 hydropower plants (3810 MW), 3 wind 
farms (324 MW), Reppie Waste-to-Energy (25 MW) and 
3 diesel generators (112.3  MW) (see Fig.  4). The diesel 
generators in this system served as an emergency power 
plant, which is mainly used to mitigate the effect of fluc-
tuations in hydropower due to poor rainfall during dry 
seasons. Diesel power plants rely on expensive imported 
petroleum fuel, which leads to a high cost of electricity. 
The high cost has hurt economic activities in the agricul-
ture, manufacturing and transport sectors. The other sys-
tem is SCS, which consists of diesel generating units and 
three small hydropower plants that operate in remote 
areas. Generation in this system is mainly by diesel power 
plants having an aggregate capacity of 39.55.7 MW by the 
end of 2016. The contribution from the small hydropower 
plants is only 6.15  MW (Yadot, Sor and Dembi hydro, 
0.35, 5 and 0.8 MW, respectively) despite the availability 
of many small rivers and waterfalls that could be used for 
electricity generation to supply many off-grid rural areas 
in Ethiopia.

Looking at the share of total installed capacity of the 
country’s power plants, only 3.51% of the total gen-
erated electricity comes from diesel; the rest is from 
clean renewable energy resources with 88.25% from 
hydropower plant, 7.49% from wind power, 0.58% from 
biomass (Reppie Waste-to-Energy) and 0.17% from a 
geothermal plant (Fig.  5), which makes Ethiopia’s elec-
tricity among the most sustainable in the world.

Petroleum supply and consumption
Ethiopia does not have oil deposits and relies entirely on 
imported petroleum products, either refined or in crude 
form. The various petroleum products required for end-
use purposes mainly in transport, agriculture, commer-
cial and industrial sectors are; liquefied petroleum gas 
(LPG), kerosene, jet/turbo fuel, petroleum gasoline, die-
sel, fuel oil, and lubricating oils and greases. The coun-
try spends a huge amount of foreign currency to import 
petroleum products. Petroleum consumption had shown 
increasing by 1.6% from 2010 (2158 ktoe) to 2014 (2972 
ktoe) which is driven by economic growth (see Fig.  6) 
[12]. Petroleum fuels are mainly used in the transport 
sector (80% of the total consumption of petroleum 
products) with a smaller share of the demand from the 
household sector (kerosene for cooking and lighting) and 
industrial sector (fuel oil for thermal energy), the total 
petroleum consumption in 2014 was 2972 ktoe (Fig. 6).

Renewable energy policy in Ethiopia
Biomass energy’s sustainability will depend on the 
successful management of biomass resources and 

Fig. 3  a Energy supply in Ethiopia by type. b Energy consumption 
by sector
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government policy. Examining the implications of bio-
mass energy use in Ethiopia, it was noted that deliberate 
policies are required to improve the quality and sustain-
ability of biomass energy in Ethiopia. The need for the 
policies would be to make clean commercial energy more 
accessible and relatively cheaper.

Ethiopia has released many policy and strategic docu-
ments to ensure that the Sustainable Development 
Goals (SDGs) are accomplished. The leading ones are 
the Climate Resilient Green Economy Strategy (CRGE), 

Ethiopia’s National Energy Policy, and the Biomass 
Energy Strategy. Among these policies and strategies: 
(a) The Green Economy Strategy has prioritized pro-
grams that could help to develop sustainable forestry and 
reduce demand for fuelwood (i.e., by reducing demand 
for fuelwood by distributing and using fuel-efficient 

Fig. 4  Existing power plants installed capacity (MW) to the national grid of Ethiopia

88.25%

7.49% 3.51% 0.58% 0.17%

Hydropower Wind power Diesel
Biomass Geothermal

Fig. 5  Ethiopian electric power generation by source

Fig. 6  Trend in petroleum supply and consumption from 2010 to 
2014
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stoves or by using alternative-fuel cooking and baking 
techniques such as liquefied petroleum gas (LPG), elec-
tric or biogas stoves) that contribute to forest manage-
ment, enhanced carbon sequestration, reduction of forest 
degradation, afforestation and reforestation of woodlands 
[14, 15]. (b) The purpose of the National Energy Policy 
is to increase sustainable and renewable energy sources 
(i.e., bioenergy supply) and to increase the efficiency of 
the use of bioenergy. Its main objective is to improve the 
efficiency of the use of biomass fuel, promote the move 
towards greater use of modern fuels, resolve household 
energy problems by promoting agroforestry, and incor-
porate environmental sustainability into energy produc-
tion and supply systems [14]. The policy also states that 
to increase the availability of electricity, the country will 
not only rely on hydropower, but will also benefit from 
other renewable and sustainable energy options, such 
as solar panels, geothermal energy and wind power. 
Also, in major energy-consuming sectors, such as trans-
port, industry and others, the country needs to promote 
energy conservation while ensuring that energy produc-
tion is environmentally friendly and sustainable and to 
provide sufficient encouragement to the private sector 
[16]. (c) The Government of Ethiopia has also developed 
its sustainable bioenergy policy as an important com-
ponent of the National Development Program Strategy, 
with decent legal provisions for the promotion of envi-
ronmentally friendly energy sources, the distribution and 
use of biofuels throughout the country, and the replace-
ment of fossil fuels for use in transport sectors and miti-
gation of climate change.

Current status of biomass energy potential 
and utility
Biomass is a natural resource used for various purposes, 
including energy, all around the globe [17, 18]. In devel-
oping countries, especially sub-Saharan countries such as 
Ethiopia, it is regarded as the backbone of energy sources 
[19]. Examples of biomass include woody biomass (cel-
lulose, hemicellulose, lignin, lipids, proteins, and simple 
sugars), residues of crops, animal waste, dung, sewage, 
agricultural waste, and municipal waste. In Ethiopia, 
wood, agricultural, animal waste and human waste are 
the commonly used biomass energy resources. It is esti-
mated that the overall energy that can be produced annu-
ally from these resources is around 101,656.77 Tcal. Of 
this, it is estimated that the share of woody biomass is 
73% (wood 69% and charcoal 4%), followed by dung (14%) 
and residue (13%) (Fig. 7) [20]. The majority of rural soci-
ety relies on the free collection of woody biomass, resi-
dues of crops and animal dung. However, utilization is 
still being unbalanced, and consumption is greater than 
re-plantation.

Different biomass feedstock and their potential for biofuel 
production
Wood and charcoal
Almost all African countries still rely on wood to meet 
basic energy needs [21–24]. Wood fuels account for 
90–98% of the energy consumption in most sub-Saha-
ran Africa [22, 25] Firewood is the cheapest source of 
energy available that most people use widely [26, 27]. 
Consisting mostly of fallen sticks or branches, prunings 
of living or dead branches removed from standing trees, 
and wood from cut or felled trees, it is sourced from 
forests, woodlands, shrub lands and in some cases from 
trees on farms (scattered trees, agroforestry, or energy 
woodlots. Between 2013 and 2017, the total volume of 
wood fuel produced globally was about 9.44 billion m3 
with an average annual production of 1.88 billion m3 
[22, 28]. Three-quarters of global wood fuel production 
and consumption is in Africa (35%) and Asia (39%). The 
tropics and subtropics (i.e., Africa, Latin America, and 
Asia) hold 88.3% of the global share of wood fuel pro-
duction. In many developing countries, it is the most 
dominant source of energy [29]. The percentage of bio-
mass fuels in the total energy consumption in Ethiopia 
is one of the highest in the world, accounting for over 
90% of the total energy consumption in the country and 
about 99% in the rural areas [21, 30]. It was claimed 
that the shortage of biomass fuels has been one of the 
major causes of deforestation and subsequent, land 
degradation in Ethiopia.

In rural areas, most of the wood demand is fulfilled 
by collecting, whereas the urban households fulfill 
most of their wood demand by purchasing. Accord-
ing to the CSA welfare monitoring survey (2011), 
about 87.2% of the rural households used collected 
wood and 3.6% purchased wood. Whereas, 18.6% of 
the urban households consumed collected wood and 
about 44.7% purchased wood [31]. The standing stock 
of woody biomass of the country is estimated at 1,150 
million tons [31]. Demand for fuelwood is growing 
rapidly while its supply is shrinking and increasing 

Fig. 7  The share of different biomass resources as fuel in Ethiopia, 
2013 [20]
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access distance which leads especially women and 
children to travel a long distance for collecting it. The 
principal drivers of wood fuel demand are population 
growth, lack of access to biomass energy substitutes 
and the growing rate of poverty among the population. 
The wood fuel energy supply and demand imbalance 
is exerting considerable pressure on the remaining for-
est and vegetation stocks, thereby accelerating the pro-
cesses of land degradation and deforestation, which is 
the largest source of GHG emissions in Ethiopia.

In 2010, about 17% of the country’s GHG emission 
is caused by deforestation for fuelwood [31]. On the 
other hand, charcoal is an important fuel, particularly 
for urban dwellers. Its production is however associ-
ated with the increasing levels of deforestation. It is a 
process of carbonization of wood by partial combus-
tion or application of heat from an external source. 
In Ethiopia charcoal is produced in a very small scale 
which is about 100 to 300 kg per batch using the earth 
mound kiln. To produce 1  kg of charcoal about 8  kg 
of wood is consumed which results in a great deal of 
waste in this traditional process (i.e., earth mound 
kiln). Ethiopia has a world share of 8.5% charcoal 
production and about 47% of the Ethiopian house-
holds use charcoal, with 82% of the usage in the urban 
households, and 34% in the rural households. The total 
charcoal production in the year 2016 was estimated 
to be 4.32 million tons [32]. The demand for charcoal 
has grown faster because of increasing urbanization, 
increasing monetization of charcoal, and increasing 
competitiveness of charcoal with kerosene [31].

Household air pollution (HAP) exposure from tra-
ditional cooking practices is one of the major kill-
ers worldwide among environmental risk factors 
[33]. Almost 600,000 Africans die annually and mil-
lions more suffer from HAP-induced diseases [34]. 
Improved cook stove (ICS) adoption is key to address-
ing this public health problem, which mainly affects 
developing countries where traditional cooking prac-
tices are used by many families [35]. In sub-Saharan 
Africa countries including Ethiopia, adoption of ICS 
has the potential to generate a variety of health, social, 
economic, and environmental benefits [10, 36–39]. 
The adoption of ICS has significantly contributed to 
improvements in living conditions through wood sav-
ings, reduced women’s workload by reducing the time 
required for fuel collection, reducing indoor air pol-
lution, reducing particulate matter (PM) and carbon 
monoxide (CO), and created self-employment for the 
stove producers [40]. Among the adopted ICS, Mer-
chaye and Lakech cooker stoves are the popular ones 
in Ethiopia with differential emissions and fuel use 
efficiency [40, 41].

Agricultural crop residues
Agriculture is the predominant and important economic 
sector in Ethiopia. The agricultural sector accounts for 
roughly 43% of GDP, 90% of exports and 80% of total 
employment in the country. Cereals dominate Ethiopian 
agriculture, accounting for about 70% of agricultural 
GDP. Scarcity of wood leads to greater use of agricultural 
residues and animal dung for cooking which could other-
wise have been used to enhance the nutrient status and 
texture of the soil and contribute positively to agricul-
tural production. Agricultural residues are mostly used 
by the rural household for cooking and baking, using very 
low-efficiency cooking stoves. Agricultural residue sup-
ply is seasonal and hence its use as fuel is also seasonal. 
Agricultural residues are seasonal, therefore, collection 
and storage of residues during the months of availabil-
ity will be necessary; and alternatively, different residues 
could be sourced at different times of the year to fill the 
gap of scarcity [42]. The typical agricultural residues den-
sification process has to undergo several stages including 
collection, storage, cleaning, drying, and size reduction. 
Depending on the types of residue, each of the above 
stages will require a certain expenditure on equipment, 
materials and labor [42].

Animal dung
Animal dung in the form of dung cake is one of the 
most common traditional biomass used by households 
for cooking. According to CSA (2009/2010) survey, the 
country’s livestock population is about 150 million [42]. 
It is seen that about 42 million tons of dry weight dung is 
annually produced from the total livestock from which, 
cattle (cows and oxen) are accounted for the highest 
share of dung production about 84% of the annual total 
dung production [42]. Cow dung is the primary source 
of the substrate for domestic bio-digesters. Over 77% of 
the rural households in Ethiopia own cattle; hence, they 
are eligible for bio-digester installation. Rural households 
lead an integrated crop-livestock agricultural system. 
Consequently, the integration of the biogas technology 
with an adopter animal husbandry is central to the adop-
tion process in Ethiopia [43]. In Ethiopia, even if the pro-
duction of biogas started in the last long year, still there 
are too much need to optimize the biogas resources, 
adoption, and technologies that will ease the burden for 
women and children who spend up to 10 h a week gath-
ering wood in some rural areas to reduce indoor pollu-
tion and improve prospects for small farmers [44].

Municipal solid waste
Municipal waste can be used to produce methane gas, 
which is then used to generate electricity. The tech-
nology for the conversion of waste into electricity is 
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mature and is used in various parts of the world. The 
amount of municipal solid waste depends on the popu-
lation of the cities. It is also one of the potential bioen-
ergy resources of Ethiopia accumulated in cities in the 
form of landfills. The current global generation of waste 
is approximately 2.01 billion tons per year and is pro-
jected to grow to 3.4 billion tons per year by 2050 [45]. 
It is estimated that total waste generation in Ethiopia is 
between 0.6 and 1.8 million tons per year in rural areas 
and between 2.2 and 7 million tons per year in urban 
areas. The major cities of the country are highly popu-
lated; for instance, the population of Addis Ababa was 
increased from 2.96 million in 2007 to about 6.6 million 
in 2017 (estimated). With this population increase and 
economic growth, the municipal solid waste is highly 
increasing. In Ethiopia, there is an annual rise in waste 
generation by 5%, according to Ali and Eyasu [46]. The 
municipal solid waste generation rates for the main cit-
ies of Ethiopia are depicted in Fig. 8.

Considering the daily average municipal solid waste 
generation rate at 0.45  kg per capita per day (Fig.  8) 
[46], the daily and annual solid waste output of Addis 
Ababa would be about 2970 and 1,084,050 tons, respec-
tively, in 2017 (estimated). Municipal solid waste is 
becoming a threat to the major cities of Ethiopia, as 
only less than 50% of the waste produced per day was 
properly collected and disposed of, leaving half of the 
waste created uncollected or disposed of in unauthor-
ized areas (Fig.  9). In Ethiopia, the efficiency of solid 
waste management, recycling and disposal systems 
remains very low [45, 47]. Informal, unregulated, and 
unhealthy forms are used to recycle a very limited pro-
portion of waste [46]. Waste is frequently burned in 
open and unregulated ways by households to get rid 
of the waste. The African Development Bank Group 
has estimated that more than 50% of the population 
in Ethiopia is widely involved in the open burning of 

waste. Recycling is not well-practiced and, because of 
the absence of formal structure and control, it is at a 
primitive stage in Ethiopia.

For half a century, the Koshe dump site (37 hectares) 
has been the only landfill in Addis Ababa (see Fig.  10). 
In 2017, a landslide on the Koshe dump site killed 114 
people, prompting the government to declare three 
days of mourning. But a new Reppie waste-to-energy 
(WTE) plant is set to transform the site and revolution-
ize the entire city’s approach to dealing with waste. WTE 
describes a variety of technologies that convert garbage 
or municipal solid waste (MSW) into either heat or elec-
tricity. Incineration processes have taken place in the 
presence of air and at the temperature of 850  °C and 
waste is converted to carbon dioxide, water and non-
combustible materials with solid residue (Bottom ash) 
[50]. Reppie waste-to-energy is said to be African’s first 
waste-to-energy facility, which is inaugurated in August 
2018, expected to incinerate 1400 tons of waste every 
day, that’s roughly 80% of the city’s rubbish, all while sup-
plying Addis Ababa with 30% of its household electricity 
needs and meeting European standards on air emissions 
(Fig. 10b) [50]. The project is the result of a partnership 
between the Government of Ethiopia and a consortium 
of international companies: Cambridge Industries Lim-
ited (Singapore), China National Electric Engineering 
and Ramboll, a Danish engineering firm and constructed 
for US$95 million [50].

Biofuel
Biofuel is a fuel derived from biomass. It is an organic 
matter taken from plants and animals. It comprises 
mainly wood, agricultural crops and products, aquatic 
plants, forestry products, wastes and residues, and ani-
mal wastes. In its most general meaning, biofuel is all 
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types of solid, gaseous and liquid fuels that can be derived 
from biomass [51].

Biodiesel and ethanol are the two most commonly 
used biofuel types. Biodiesel products are potentially 
trusted substitutes for fossil fuels because they are clean 
and renewable fuels that can be used without the need to 
redesign the existing technology in any direct-injection 
engine [52, 53]. Bioethanol (ethyl alcohol, grain alcohol, 
CH3–CH2–OH, or ETOH) is a liquid biofuel that can be 
produced from various biomass feedstocks and conver-
sion technologies. Bioethanol is an attractive alternative 
fuel because it is a renewable bio-based resource and it 
is oxygenated hereby provides the potential to reduce 
particulate emissions in compression–ignition engines 
[54]. Bioethanol is a renewable alcohol-based fuel that 
can be produced from starches, sugars, and cellulosic 
biomass. Traditional feedstock, which is used for ethanol 

production, includes crops such as corn, wheat, and sor-
ghum. With recent advances in cellulosic technology; 
ethanol can also be produced from agricultural waste 
products like sugar cane bagasse, rice hulls, potato waste, 
and brewery waste; from forestry and paper wastes; and 
from municipal solid waste [54]. The raw materials for 
bioethanol production can broadly be classified as (i) 
sucrose-containing feedstock (sugarcane, sugar beet, and 
sweet sorghum), (ii) starch-containing feedstock (wheat, 
corn, and cassava), and (iii) cellulosic feedstock (straw, 
grasses, wood, agricultural wastes, paper, etc.) [55]. A 
summary of the opportunities and challenges of using 
biofuels is given in Table 2.

Bioethanol  By investing over 80% of foreign earn-
ings annually, Ethiopia imports its entire petroleum fuel 
requirement [57]. In general, the transport sector, which 

Fig. 10  a ‘Reppi’, solid waste disposal site and compaction; b ‘Reppi’ waste-to-energy power plant
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accounts for approximately 52% of the country in particu-
lar, is one of the most key sectors, consuming the majority 
of the petroleum imported and contributing more CO2 
to the environment [57]. Since the economy of the coun-
try is growing, demand for petroleum fuel is expected 
to increase. It is therefore important to look for locally 
available alternative fuels, such as biofuels, to ensure 
the country’s sustainable development and fuel security. 
Therefore, the production of biofuels has the potential to 
meet a significant proportion of national energy needs, 
minimize reliance on imported fossil fuels, generate new 
business opportunities and contribute to reducing emis-
sions of greenhouse gases (GHGs). Taking the aforemen-
tioned challenges, Ethiopia is currently assessing its bio-
fuel potential and is now in the process of implementing 
an ambitious biofuel strategy, which was approved in 2007 
[58]. Due to the favorable air condition and suitable soil 
type for biodiesel development, the country grows various 
types of plant species that can be used for the production 
of biodiesel. Jatropha, which is a very important biodiesel 
feedstock, grows in many parts of the country and is also 
used as a hedge and medicinal plant [58].

In a country like Ethiopia that relies heavily on 
imported fossil fuels, there are also apparent reasons for 
promoting biofuels. Biofuels are regarded as an opportu-
nity to ensure domestic energy security, rapid economic 
growth and wealth creation. There are high expectations 
that biofuels will contribute to solving the country’s main 
development challenges today [58]. In Ethiopia, almost all 
the feedstocks needed for the production of bioethanol 
(sugarcane, sugar-beet, cereals, and maize) are grown. 
In light of the national policies that discourage the use 
of food crops as feedstock for food security reasons, the 
current production of bioethanol is only a byproduct 
from sugar estates [59]. Ethanol production in Ethiopia is 
linked with sugar factories and aimed for import substi-
tute of petroleum products, enhance agricultural devel-
opment and agro-processing, job creation, and export 

earnings. However, only a small fraction of the poten-
tials are utilized yet and an alternate 5% and 10% ethanol 
blend has been accessed in the capital city of the country. 
Moreover, Finchaa and Metehara are the only two sugar 
factories producing bioethanol in the country [58]. In 
2014/15 about 20.5 million liters of ethanol were supplied 
to the energy system of the country (8 million liters from 
Fincha sugar factory, whereas about 12.5 million liters 
per year were from the Metahara sugar factory) and all 
used in the transport sector [12, 60].

Currently, there are three bioethanol blending sta-
tions in the country namely, Nile Petroleum, Oil Libya 
and National Oil Company [42, 61]. On the other hand, 
bagasse is the byproduct of sugar industries; and from 
one ton of crushed cane, about 27% to 33% of bagasse 
can be produced [42, 61]. Bagasse is used for steam pro-
duction and electricity generation to fulfill the require-
ment of the mills. Most of the sugar factories contribute 
bagasse energy for the energy sector of the country, in 
addition to bioethanol. Among these factories, Tend-
aho, Wonji/showa, Fincha and Metehara sugar factories 
produce electricity for their own consumption and con-
tribute to the national grid. These sugar factories have a 
capacity to produce 60 MW, 31 MW, 31 MW and 9 MW 
of electric power, respectively. Metehara sugar facto-
ries produce 9 MW of electric power and satisfy its own 
power demand by itself, but Tendaho, Wonji/showa, Fin-
cha sugar factories are contributing to the national grid 
about 38  MW, 20  MW and 10  MW of electric power, 
respectively, after they satisfy their own needs (Fig.  11) 
[60, 61].

Biodiesel  Globally, the awareness of energy issues and 
environmental problems associated with burning fossil 
fuels has encouraged many researchers to investigate the 
possibility of using alternative sources of energy instead 
of oil and its derivatives. Among them, biodiesel seems 
very promising for several reasons: it is highly biodegrad-

Table 2  Some advantages and disadvantages of biofuel production and use [56]

Aspects Advantages Disadvantages

Cost It is made from renewable resource Currently more expensive than fossil diesel fuel

Energy Fossil diesel fuel is a limited resource, but biofuels can be manufactured Mainly produced from edible oil, which could 
cause shortages of food supply and increased 
prices

Availability From a wide range of materials Reduction of fuel economy

GHG emission Significantly less harmful carbon (CO2,CO,TCH) emission Conflicts with food supply

Energy security Viability of the first-generation biofuel production relatively less flammable 
compared to fossil diesel
significantly better lubricating properties significantly less harmful carbon 
emission compared to standard diesel

less suitable for use in low temperature
it can only be used in diesel powered engines
More likely than fossil diesel to attract moisture

Air pollution significant reduction of PM emissions Caused increases in NOx
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able and has minimal toxicity, it can replace diesel fuel in 
many different applications such as boilers and internal 
combustion engines without major modifications, only 
a small decrease in performances is reported, results in 
almost zero emissions of sulphates, aromatic compounds 
and other chemical substances that are destructive to the 
environment, has only a small net contribution of carbon 
dioxide (CO2) when the whole life cycle is considered 
(including cultivation, production of oil and conversion to 
biodiesel), and it appears to cause a significant improve-
ment of rural economic potential [62]. The invention of 
the vegetable oil fuelled engine by Sir Rudolf Diesel dated 
back to the 1900s. However, a full exploration of biodiesel 
only came into light in the 1980s as a result of renewed 
interest in renewable energy sources for reducing green-
house gas (GHG) emissions and alleviating the depletion 
of fossil fuel reserves. Biodiesel is defined as mono-alkyl 
esters of long-chain fatty acids derived from vegetable 
oils or animal fats and alcohol with or without a catalyst 
[63–66]. Compared to diesel fuel, biodiesel produces less 
sulphur, carbon dioxide, carbon monoxide, particulate 
matter, smoke and hydrocarbons emission and more oxy-
gen. More free oxygen leads to complete combustion and 
reduced emission [67]. Biodiesel has been in use in many 
countries such as the United States of America, Malaysia, 
Indonesia, Brazil, Germany, France, Italy and other Euro-
pean countries.

Ethiopia is endowed with natural resources suitable for 
biodiesel development and at the national level, an esti-
mated area of 25 million hectares of suitable land is avail-
able for the development of biodiesel [59, 68]. Biodiesel 
production is necessary for energy security especially in 
the transport sector which will be achieved by blending 
biodiesel with diesel so that to decrease consumption of 
diesel as well as GHG emissions. Electricity generation 

and cooking fuel are other applications of biodiesel. The 
byproduct of biodiesel production could also be used to 
produce soaps and cosmetic products [59].

Biogas
Biogas is a combustible mixture of gas. It consists mainly 
of methane and carbon dioxide and is made from bio-
degradation of organic material under anaerobic condi-
tions. It is a methane-rich fuel gas produced by anaerobic 
digestion of organic materials with the help of methano-
genic bacteria. Some of the biogas-producing materials 
(substrates) range from animal dung to household, agri-
cultural and industrial wastes [69]. Biogas technology 
offers a very attractive route to utilize certain categories 
of biomass for meeting partial energy needs [70–73]. It 
provides an alternative energy source to the use of tra-
ditional fuel sources, which is dominantly used in most 
developing countries. Biogas technology serves two 
major purposes, biogas and bio-slurry. Biogas energy 
could replace the use of firewood, charcoal and kero-
sene for cooking, heating and lighting while bio-slurry 
could replace the use of chemical fertilizer for agricul-
tural production [74]. However, key informants and user 
households viewed that the cooking and bio-fertilization 
perspectives of the technology have been overlooked due 
to the unavailability of efficient biogas cooking stoves for 
baking and inadequate training for bio-slurry manage-
ment. Findings from previous studies show that the Afri-
can continent utilizes very little of the potential of biogas 
technology due to the inability to exploit its full potential 
[75, 76].

An ambitious goal to install two million domestic 
bio-digesters by 2020 is set by the African Biogas Initia-
tive [77]. With the support of this initiative, in Rwanda, 
Tanzania, Kenya, Uganda, Ethiopia, Cameroon, Benin 
and Burkina Faso, national biogas programs in Africa 
have been implemented [78]. By the end of 2009, nearly 
300,000 fixed-dome bio-digesters with volumes rang-
ing from 4 m3to 15 m3had been built in Africa [61]. The 
National Biogas Programme of Ethiopia (NBPE) is part 
of the SSA’s implementation of biogas technology that is 
gaining momentum due to the African Biogas Initiative 
[79]. The NBPE was implemented with the participation 
of various development partners, such as the Ministry of 
Foreign Affairs of the Netherlands, SNV, GIZ (German 
Technical Cooperation), HIVOS, the Winrock Interna-
tional Institute for Agricultural Development (US NGO) 
and the Biogas Institute of the Ministry of Agriculture of 
China [61, 70, 76, 80–82].

It was launched in 2008 and planned to install over 
30,000 bio-digesters in two phases. The first phase was 
implemented between 2008 and 2012 and the second 
phase was between 2013 and 2017. It was planned to 

Fig. 11  Bagasse energy generation capacity of sugar factories in 
Ethiopia and their contributions to national grid [60]
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develop 14,000 family-sized biogas digesters in the first 
phase, but only 8161 biogas digesters were built during 
this phase, including 2480 bio-digesters in Oromia, 1992 
in Tigray, 1892 in Amhara and 1699 in SNNPRR [70, 
80, 81, 83]. During this phase, only 58% of the planned 
targets were achieved. Factors such as economic uncer-
tainty, cement crisis, poverty and illiteracy, among oth-
ers, influenced the dissemination of the first phase. The 
goal of the second phase of the NBPE was to construct 
20,000 additional biogas digesters. In this phase, a total of 
12,071 biogas digesters were built [80] (Fig. 12).

Only about 70% of the planned target was accom-
plished in two phases, with the second phase improv-
ing significantly. The slight improvement in the second 
stage may be attributed to lessons learned from the 
first phase. The reasons for the failure to achieve the 
planned goals and the low adoption rate were identi-
fied by key informants as technical, financial and insti-
tutional challenges [70, 80]. According to Sime (2020), 
these challenges include the limited technical skill of 
installation and maintenance service masons, weak 
institutional responsibilities of implementation units, 

insufficient and high maintenance service, poor and 
malfunctioning success stories, and the unwillingness 
of users to own and maintain installed digesters. In 
addition, the major obstacles constraining the imple-
mentation of the NBPE are high initial investment 
costs, inflation in the cost of raw materials for the con-
struction and installation of bio-digesters, and limita-
tions in the size of loans [70, 80, 84–86]. Similarly, in 
SSA, inadequate distribution strategies, lack of project 
monitoring and follow-up by promoters, poor owner-
ship responsibility by users, are major challenges to 
biogas technology domestication programs [87]. Cost 
consequences, lack of coordination and the nega-
tive image of the technology caused by past failures 
are important challenges for biogas technology pro-
grams [80, 88]. Meanwhile, key informants stated that 
the Government of Ethiopia aims to develop a private 
biogas sector that is autonomous, sustainable and mar-
ket-oriented. A National Biogas Dissemination Scale-
up Program (NBPE+) is currently being introduced by 
the NBPE, which will continue to 2022 and covers all 
regional states of the country [80].

Fig. 12  Yearly distribution of biogas digesters in Ethiopia [70, 80, 81, 83]
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Different technologies of biomass conversion to bioenergy 
production
There are various conversion technologies available, from 
biomass to electricity. Thermochemical conversion, bio-
chemical conversion and physicochemical conversion 
have been generally categorized [89–93]. This section 
reviews the advancement of Biomass Conversion Tech-
nologies in Ethiopia.

Thermochemical conversion of biomass
Energy is created by the application of heat and chemi-
cals in the processes of thermochemical conversion. The 
four current thermochemical conversion processes are 
combustion, pyrolysis, gasification, and liquefaction [89].

Combustion  This conversion technology generates 
approximately 90% of the total biomass capacity. In this 
method, biomass is burned at high temperatures in a 
combustion or furnace to produce hot gas, which is then 
fed into a steam producing boiler, which is expanded to 
generate mechanical or electrical energy via a steam tur-
bine or steam engine (Fig.  13). The technology is capa-
ble of operating on various biomass types, i.e., wood, dry 
leaves, hard vegetable shells, rice husk, dried animal dung, 
etc. The combustion process is an exothermic chemical 
reaction, i.e., the biomass is burned in the presence of air 
with the resulting release of chemical energy that could 
be transformed into mechanical and electrical energy [89, 
94, 95].

The majority of biomass energy generation in Ethiopia 
is obtained through combustion processes, but the effi-
ciency of these processes is very low, resulting in energy 
waste. In the country, biomass combustion is primarily 
used in rural poor communities to provide energy for 
cooking. This method is characterized by slow, inefficient 
three-stone stoves with high specific fuel consumption. 
Other processes include the use of charcoal stoves.

Pyrolysis  Pyrolysis is the heating of biomass at tempera-
tures within the 500  °C–900  °C range in the absence of 
oxygen in a closed vessel [94]. It produces liquid (bio-oil), 
solid (charcoal), and gaseous (combustible gas). High tem-
peratures cause the volatile components of the biomass 
producing gases to be vaporized, the vapors of which are 
condensed by liquefaction into liquids (Fig. 14). The liq-
uid fuel resulting from this process can be stored and sub-
sequently used for different applications for heating and 
generating electricity [89, 95]. Biomass pyrolysis has only 
been limited in Ethiopia at the research and development 
level and plant evaluation. There were also a few feasibil-
ity studies on the potential for cogeneration from wood 
residues and agricultural residues.

Gasification  The gasification process is carried out by 
heating solid biomass with minimal oxygen/air (O2 and 
air deficient) to produce gas of low heating value or by 
reacting with steam and oxygen to produce medium heat-
ing value, called synthesis gas or syngas, mainly com-
posed of CO, hydrogen (H2), CH4 and nitrogen (N2), at 
high pressure and temperature. Syngas can be used as an 
electricity-generating fuel or as a source for a large range 
of petrochemical and refining products, such as metha-
nol, ammonia, synthetic gasoline (Fig. 15), etc. [96]. Like 
pyrolysis, biomass gasification in Ethiopia has also been 
limited only at the R&D and plant evaluation level, and 
a few feasibility studies have also been conducted on the 
potential for cogeneration from wood residues.

Liquefaction  Liquefaction is a method of biomass con-
version performed at moderate temperatures between 
280 and 370 °C and high pressures (10–25 MPa in water). 
Liquid bio-granulates, similar to crude oil, are also pro-
duced, as are other gaseous, aqueous and solid by-prod-
ucts (Fig. 16). The products obtained have a high heating 
content and low oxygen content, making it a chemically 
stable fuel. The main purpose of liquefaction is to produce 
oil that has a high H/C ratio [89, 97–99]. This biomass 

Fig. 13  Biomass combustion scheme
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conversion technology in Ethiopia is still in its infant stage 
and is still under research and development as the other 
technologies.

Biochemical conversion of biomass
To break down biomass, biochemical conversion pro-
cesses use enzymes from bacteria and other microor-
ganisms. Biochemical conversion processes for biomass 
include anaerobic digestion and fermentation.

Anaerobic digestion  In the absence of oxygen, anaero-
bic digestion creates biogas from wet organic substrates. 
Hydrolysis, acidogenesis, acetogenesis, and methanogen-
esis are the four basic stages of this process. Throughout 
the process, microorganisms in an oxygen-free environ-
ment enable a series of chemical reactions to take place 
via natural metabolic pathways (Fig. 17) [89, 100]. Sewage 
sludge, agricultural residues, MSW, and animal manure 
are some of the feedstocks commonly used in this type of 

Fig. 14  Biomass pyrolysis scheme

Fig. 15  Biomass gasification scheme
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Fig. 16  Biomass liquefaction scheme

Fig. 17  Biomass anaerobic digestion scheme
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process. To utilize a biogas technology in Ethiopia some 
scientific, engineering, and economic-based research 
works have been carried out at the institutional level. 
The NBPE was introduced in 2008 and over 18,000 bio-
digesters were able to be installed in two stages. The NBPE 
has designated a diverse group of actors within this evolv-
ing biogas sector to contribute to the implementation of 
biogas technology [61, 70, 76, 80–82].

Fermentation  Fermentation is the mechanism where 
a number of microorganisms transform carbohydrates, 
such as starch and sugar, into ethanol (Fig. 18). The bio-
mass is ground down and the starch is converted to sug-
ars by enzymes, with yeast then converting the sugars to 
ethanol. Saccharomyces cerevisiae are the most common 
microorganisms used in the process, and the feedstock 
used for this type of process is divided into three catego-
ries: sugars, starch, and lignocellulosic substrates. Distil-
lation is an energy-intensive step that produces approxi-
mately 450 L of ethanol from 1000  kg of dry corn. The 
solid residue from this process can be given to cattle, and 
the bagasse from sugarcane can be used for subsequent 
gasification or as a fuel for boilers [90, 100]. About 8 mil-
lion liters of bioethanol is produced annually in Ethiopia 
using molasses as feedstock. The country also aims to 
blend 5% ethanol into its gasoline pipeline. The feasibility 
of using ethanol for domestic purposes such as cooking 
and heating is being investigated by a UNDP project in 
the region.

Physicochemical conversion of biomass
Biomass processes of physicochemical conversion lead 
to the production of high-density biofuels (Fig. 19). More 
specifically, through esterification and/or transesterifica-
tion processes, different forms of vegetable oil and ani-
mal fats are converted to biodiesel. Rapeseed oil and 
sunflower oil constitute 80–85% and 10–15% of total 
biodiesel production worldwide, respectively, are major 
vegetable oils used to manufacture first-generation bio-
diesel [89]. For the production of second and third gen-
eration biodiesel, waste oils, including waste cooking oil 
(WCO) and microbial oil, including algal oil, may also be 
used. It’s worth noting that oils are mostly composed of 
triglycerides, which aren’t usable fuels. In fact, the trans-
formation of crude vegetable oil is required because oth-
erwise, problems such as incomplete combustion and 
subsequent residue accumulation in engines are likely. 
As a result, the raw material must be processed further, 
primarily through transesterification, in order to separate 
the triglyceride molecules into their constituents, fatty 
acids and glycerol. The triglycerides are converted into 
methyl or ethyl esters (biodiesel) by using methyl or ethyl 
alcohol (in excess) in the presence of mostly an alkaline 
catalyst during the transesterification reaction [100, 101]. 
The production and use of liquid biofuels as alternative 
fuels to fossil fuel is a recent phenomenon in Ethiopia. 
Generally, the main interest has been in biodiesel derived 
from Jatropha curcas, palm oil, and castor bean. Some 
initiatives on biofuel development have already been 
taken by the government, the private sector, non-govern-
mental organizations (NGOs), and the UNDP.

Fig. 18  Biomass fermentation scheme
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Life‑cycle analysis, economic perspective, and bio‑refinery 
approach
The potential of biomass to produce high-value-added 
products has sparked the interest of various research 
groups involved in biofuels, food and feed, and pharma-
ceuticals [102, 103]. These characteristics make biomass 
feedstocks, particularly microalgae, a viable candidate 
for bio-refinery exploitation. However, before further 
research into potential industrialization is conducted, a 
comprehensive life-cycle analysis (LCA) is required. LCA 
quantifies all of the resources required for biomasses 
planting/cultivation, harvesting, extraction, and purifica-
tion, as well as the emissions and environmental impact 
of the same process. Furthermore, an economic analysis 
of the entire bio-refinery approach is required to under-
stand the viability of biomass as a feedstock. These tools 
help to understand current scenarios and generate differ-
ent paths to commercial industrialization of biomass bio-
refineries. LCA is evaluated using two indicators: global 
warming potential (GWP) and net energy ratio (NER). 
The amount of CO2 emitted per unit of energy is used to 
calculate the GWP. Ideally, all greenhouse gases would be 
considered for this quantification, but the literature data 
are limited to CO2 emissions. NER is calculated using 
the process’s total energy flow. It is the ratio between 
the energy required to obtain the final products from 
biomass and the total energy stored in the final product 
[102].

Aside from the Life Cycle Assessment, the economic 
feasibility of biomass-based bio-refineries is also critical 
for commercialization. For example, Hoffman et al. [104] 
conducted a cost–benefit analysis of biodiesel produc-
tion using Algal Turf Scrubber (ATS) and Open Raceway 
Ponds (ORP). Their findings revealed that the cost of pro-
ducing biodiesel from ATS and ORP is $8.34 and $6.27 

per gallon of biodiesel, respectively, despite the fact that 
these prices do not provide positive economic feasibility. 
Dasan et al. [105] used three different cultivation systems 
to obtain biodiesel and other by-products from a differ-
ent fraction of microalgae feedstock (open pond/raceway 
pond, bubble column PBR, and tubular PBR). The capital 
cost of tubular and bubble column PBRs is higher than 
the operation cost, accounting for nearly 47.5–86.2% of 
the total cost, according to an economic feasibility anal-
ysis based on the production of 100,000  kg of biomass 
for 340  days of the year. However, operation and main-
tenance account for 45.73% of the total cost in an open 
ponds cultivation system. The production of bioethanol 
as a byproduct was examined in this study, but the com-
plex and expensive processes involved in bioethanol pro-
duction do not favor economic profitability. In contrast, 
Lam et al. [106] predicted that the highest total revenue 
generated from microalgae biomass is around €31 per 
kg of dry weight, compared to a production cost of €6–7 
per kg of dry weight. However, these figures can only be 
achieved if the cost of downstream processing is kept to 
a minimum. Developing simpler and cost-effective down-
stream processing techniques appears to be critical for 
achieving the economic feasibility of biomass bio-refin-
ery systems.

Opportunities, challenges and prospects 
of biomass energy
Opportunities
Biomass for waste water treatment: among the challeng-
ing environmental problems owing to their toxic effects 
and possible accumulation throughout the food chain 
and hence in the human body are pollution leaked by 
organic and inorganic contaminants. Besides, many haz-
ardous compounds (metals, dyes, phenolic compounds, 

Fig. 19  Biomass physicochemical conversion scheme
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etc.) have found widespread use in industries such as 
metal finishing, leather tanning, electroplating, nuclear 
power, textile, pesticide and pharmaceutical. Thus, water 
pollution by these contaminants is of considerable con-
cern around the world [107–112]. Conventional methods 
(bioaccumulation, precipitation, reverse osmosis, oxida-
tion/reduction, filtration, evaporation, ion exchange and 
membrane separation) used for the removal of hazard-
ous compounds from wastewater are expensive and/or 
inefficient in reducing the effluent concentration to the 
required levels. The search for new and low-cost tech-
niques is therefore of great importance for the removal of 
organic and inorganic contaminants from drinking water 
and wastewater [107–112].

Biosorption, which represents a biotechnological inno-
vation as well as a cost-effective and excellent tool for 
sequestering hazardous compounds from aqueous solu-
tions, is becoming a potential alternative to traditional 
treatment processes used for the removal of hazardous 
metals and organic compounds. It is a term that describes 
the property of some biomolecules or types of biomass 
to remove and concentrate by passive binding, selected 
metallic ions or other molecules from aqueous solutions 
[107–112]. This implies that the removal mechanism is 
not metabolically controlled. Biomass exhibits this prop-
erty, acting just like a chemical substance, for example, 
an ion exchanger of biological origin. The cell wall struc-
ture of certain algae, woody biomass, mosses, fungi and 
bacteria, in particular, are found to be responsible for 
this phenomenon [107, 112–114]. In addition, bacteria, 
fungi, seaweeds, agricultural waste and raw plants can 
also produce biomolecules having coagulating/flocculat-
ing activities. Indeed, the use of biological materials for 
the treatment of wastewaters containing organic and 
inorganic contaminants is growing. This relatively new 
technology has received considerable attention in recent 
years as it has many advantages over traditional meth-
ods. It uses inexpensive and abundant renewable materi-
als with good ability for the recovery of metal pollutants. 
Thus, studies on the use of biomass such as agricultural 
wastes, mosses, fungi, bacteria or seaweeds, as a raw 
material for the production of sorbents is progressively 
increasing.

Biosorbents including algae, fungi, bacteria and yeasts 
are investigated for their ability to sequester contami-
nants; algal biomass has proven to be highly effective as 
well as reliable and predictable in the removal of hazard-
ous compounds from aqueous solutions [107]. Marine 
algae are renewable natural biomass and are very abun-
dant in the coastal world. Using as new supports to 
concentrate and adsorb hazardous compounds, these 
biomasses have attracted the attention of many investiga-
tors as organisms to be tested.

Biological waste gas treatment: there are strong argu-
ments for the development and use of new and original 
processes to control waste gas emissions from agricul-
tural, industrial, or domestic activities to protect human 
health and welfare, and also the environment at large. 
Thus, international treaties for environmental protection 
(Rio, Kyoto) have been transcribed and applied in many 
countries. For instance, local legislation particularly for 
solid waste management, water and wastewater treat-
ment, and air quality has been written based on these 
ratifications of international agreements. Air pollution 
control regulations reflect the concern of governments 
for the protection of people and the environment. The 
two fundamental reasons for cleaning up the waste gas 
stream are profit and protection. This is practically when 
upgrading of biogas, cleaning of waste incinerator flue 
gas [115], or treating of industrial process emissions.

To remove non-particulate pollutants from a gas 
stream different processes involving different mecha-
nisms [116, 117] could be achieved based on the nature 
of the contaminants and/or the complex mixture of 
pollutants in the gaseous phase, for example, their con-
centrations and the flow to be cleaned. These processes 
can be classified into three categories: (1) thermal and/
or catalytic oxidation, biological transformation; (2) 
transfer into a liquid phase (absorption) or onto a solid 
phase (adsorption) with or without chemical reactions 
such as acid–base interaction, oxidation, complexation, 
physisorption or chemisorption and (3) phase change 
(condensation).

One of these technologies will be chosen with the aim 
of achieving the required performance for the lowest 
investment and operating costs depending on the emis-
sion characteristics in terms of concentrations and flow. 
These processes are widely used in industrial applications 
to remove single toxins or a mixture of contaminants. 
Many activities including chemistry, petrochemistry, 
pharmacy, cosmetics, surface cleaning, polymer produc-
tion, printing, painting, mechanical and car manufacture, 
and waste and wastewater treatments are concerned.

Biological treatments of gas streams are relatively 
recent technologies compared with thermal destruction 
or mass transfer systems. However, researchers have 
been paying attention to these promising and interest-
ing processes for several years and indeed bioprocesses 
appear to be a very competitive way to treat the waste 
gas stream before its discharge into the atmosphere. The 
removal of a large number of soluble and biodegradable 
volatile organic compounds (VOCs) or odorous mol-
ecules has been the subject of many previous studies and 
industrial applications [118] 119. The optimal range of 
pollutant concentration goes from a much diluted pol-
lutant present in the gas stream (from some mg  m−3 to 
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mg m−3) to above 1 g m−3. The installation designs cater 
for an airflow from a few m3 h−1 to 100,000 m3  h−1, or 
even more in some systems.

Hydrogen production from biomass derivatives over 
heterogeneous photocatalysts: hydrogen storage energy 
is among the recent development of environmentally 
benign, renewable and sustainable energy production for 
the near future. Hydrogen is a storable energy carrier with 
a high energy content and non-polluting nature, which 
can be effectively converted into electricity by a fuel cell 
or into motive power by a hydrogen-fueled engine with-
out any emission other than water. Even though hydro-
gen is an attractive alternative energy source, about 96% 
of the hydrogen supplied currently is derived from fossil 
fuels such as natural gas (49%), crude oil (29%) and coal 
(18%) using thermal chemical processes and gasification 
at high temperature [120]. Hydrogen produced from fos-
sil fuels cannot be regarded as really an environmentally 
benign fuel because it takes a very long time to regenerate 
fossil fuels and the consumption of fossil fuel increases 
the concentration of carbon dioxide in the atmosphere 
contributing to global warming. For the realization of a 
sustainable society, hydrogen needs to be produced from 
renewable resources and natural energy like biomass 
energy.

Biomass (e.g., plants, starch and oil) and its deriva-
tives (e.g., ethanol, glycerol, sugars and methane) have 
attracted much attention as the best candidate for hydro-
gen sources among the renewable resources. If the bio-
mass and its derivatives are consumed for hydrogen 
production with carbon dioxide formation, the produced 
carbon dioxide from biomass and its derivatives can be 
converted again into biomass through plant photosynthe-
sis. This means that the carbon dioxide produced from 
the biomass should not, in principle, contribute to global 
warming (i.e., it is carbon–neutral) when the consump-
tion of the biomass does not exceed the natural capacity 
for conversion of carbon dioxide to biomass.

Thermal gasification and biological hydrogen pro-
duction by fermentation are the two major approaches 
extensively studied as methods to convert biomass into 
hydrogen. Although these are promising hydrogen pro-
duction methods, there are major problems to be solved 
for practical appreciation. For instance, thermal gasifica-
tion requires high reaction temperatures at 1073–1273 K 
and thus consuming considerable amounts of energy 
while the reaction rate of biological hydrogen produc-
tion is quite low that results in low productivity. Photo-
catalytic hydrogen production from water and biomass 
derivatives is another possible hydrogen production 
method from biomass [121, 122]. This system is very 
attractive since hydrogen can be produced at room tem-
perature using sunlight and a photocatalyst. Research on 

photocatalytic hydrogen production from biomass began 
in the early 1980s. Since then various attempts have been 
made to achieve efficient hydrogen evolution.

Challenges
Some challenges need to be considered in the effort to 
use biomass energy in Ethiopia, which includes:

Lack of comprehensive national biomass policy and 
regulation: there is a lack of well-thought and compre-
hensive policies that direct activities in the biomass 
energy sector. When there is a requirement to promote 
the growth of particular renewable energy technologies, 
policies might be declared that do not adhere to the plans 
for the development of renewable energy. There is no 
defined framework for the biomass sector [31].

Weak Institutional coordination: There is an absence 
of competent institutions with strong mandates and 
long-term oriented action plans. Institutes, agencies 
stakeholders who work under the development of bio-
mass energy show poor inter-institutional coordination. 
Progress in the production of biomass energy is limited 
by this lack of collaboration, coordination, and delays. 
Owing to weak coordination, the delay in implement-
ing policies has limited investors’ interest in investing in 
this field. There are some shortcomings in the pre-fea-
sibility reports prepared by the concerned states, which 
could affect small developers, i.e., local developers, who 
are willing to undertake projects in the field of biomass 
energy, in particular biogas. For the creation of renewable 
infrastructure, proper or well-established research cent-
ers are not available and also customer service centers are 
not available to guide developers concerning renewable 
projects [31].

Air pollution: a major cause of air quality deteriora-
tion and health risks is the smoke that is created from the 
burning of wood fires. Many women who use firewood as 
cooking fuel are exposed to smoke, posing a health risk 
that can lead to respiratory diseases.

Food insecurity: the crops used as energy crops, such 
as sugar cane, corn, maize, etc., are primarily food crops. 
Using them for energy production, therefore, results in 
competition with food production, especially at a time 
when there is a need to grow more food to feed the popu-
lation and bring down rising food prices [51].

Forest degradation: the country’s rapidly increasing 
population creates increased demand for firewood and 
charcoal from a decreasing supply that results in the deg-
radation of forest hectares and other vegetation types 
[123].

Inadequate transfer of technology and localization: 
the majority of energy technology hardware is imported 
due to insufficient technology transfer and underdevel-
oped manufacturing industries, leading to high foreign 
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exchange spending. There is, for example, a lack of equip-
ment and infrastructure for the storage of biogas for 
cooking purposes and its conversion into electricity for 
the population’s use, particularly in rural areas [31].

Land availability and right: the bioenergy industry 
requires large land for the energy corps to plant. Current 
communal land ownership, with pockets of private own-
ership, would be an obstacle to large-scale cultivation, 
which could impact the supply of raw materials for the 
production of bioenergy [31].

Prospect of using biomass
Despite these problems, Ethiopia has prospects for the 
use of biomass resources, including:

Integrative policy and strategy: even if the country has 
a bioenergy development unit, but so far the formulated 
national bioenergy policy and strategy are not available. 
Therefore, it should be formulated and responsible for 
this unit. Agricultural, forestry, water, food protection, 
environmental, rural development, financial and other 
aspects that are important to bioenergy production 
should be incorporated into the bioenergy policy and 
strategy. Policies will be more successful if they are spe-
cifically related to the target and should be competitively 
directed towards technological change and the use of bio-
mass. In the long run, policies should reduce greenhouse 
gas emissions, promote rural development and decrease 
poverty. In order to encourage bioenergy access, policy 
and strategies should contribute to the decentralization 
and devolution of powers to the locals. In developing the 
bioenergy sector, the government should collaborate with 
civil society, the private sector and the international com-
munity. To ensure market development for bioenergy, it 
is necessary to promote public–private partnerships and 
incentives-based bioenergy policies. It is also very impor-
tant to establish action plans, followed by implementa-
tion and monitoring and evaluation.

In addition to the direct effects of bioenergy develop-
ment, bioenergy policy should deal with indirect envi-
ronmental and social effects. The formulation of the 
bioenergy policy is a cross-cutting topic and should 
include policies on agriculture, forestry, the atmosphere 
and land use. Adequate consultation and assessment of 
the environmental impacts of the value chain of the bio-
energy type must be carried out. It should be a broad par-
ticipatory process involving all stakeholders. The policy 
should be broad-based and promote and encourage the 
production of bioenergy, education and training, research 
and development, transport and infrastructure, as well as 
incentives for producers, distributors and consumers.

Dissemination of information, institutional coor-
dination and stakeholder engagement: Government 

should disseminate to farmers, investors and lending 
agencies, planning authorities, forest owners and local 
communities information and tools for implementing 
bioenergy projects. Such information and tools may 
include business models, models of ownership and 
financing. Such data and resources may include busi-
ness models, models of ownership and financing. Pri-
orities should be given to institutional coordination 
and inclusive stakeholder participation. Ministries 
such as the Ministry of Water, Irrigation and Energy, 
the Ministry of Agriculture, the Ministry of Finance, 
the Ministry of Education and the Ministry of Science 
and Technology should participate in all matters relat-
ing to the development of bioenergy in the country. It 
is important to engage and consult stakeholders, such 
as chiefs and their local communities, local municipal 
authorities, civil societies, farmers and forestry asso-
ciations, local and foreign investors with an interest in 
bioenergy.

Bioenergy and feedstock value chains: a comprehen-
sive analysis on bioenergy value chains, the availability 
of feedstock for bioenergy production and food secu-
rity needs to be performed. It is important to decide 
exactly how much can be tapped from each bioenergy 
form and from which feedstock and in which area. 
The need for foliage, animal feedstock and bioenergy 
feedstock be assessed and compared. It is important 
to accurately determine the competing needs for food, 
bioenergy production and other needs. It is also worth 
evaluating the relevant technology and its prices.

Research and development: to identify environmen-
tal and social risks such as soil erosion, loss of biodi-
versity, water resource stress, tradeoffs in food supply 
and impacts of land use change, the government should 
conduct research through different stakeholders like, 
universities, scientific and industrial research insti-
tutes, agricultural, livestock, and soil. It is very impor-
tant to communicate and report research outcomes 
to stakeholders and the general public. To assess 
direct and indirect effects, complete life-cycle analy-
ses should be performed. The government should not 
hurry to develop bioenergy, but first, take the appro-
priate steps to assess the risks involved in the bioen-
ergy sector growth. Prioritize the mitigation of climate 
change, enhancement of energy security and research 
and development. This would make it possible to have 
a sustainable bioenergy sector. Some of the research-
requiring areas include but are not limited to, land-use 
reform, feedstock capital, feedstock transformation 
technologies, financial schemes and marketing frame-
works, mandates and blending targets, and an inte-
grated holistic national strategy with clear bioenergy 
roles.
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Conclusions
Biomass energy has been the oldest kind of energy uti-
lized by humans as a source of fuel for many years. It is 
considered as renewable energy source because, unlike 
carbon-emitting fossil fuels, it is a carbon–neutral 
energy source. This is why there are breakthroughs and 
advancements in biomass energy, particularly in the 
current usage of biomass as a source of energy in many 
countries. It is an important source of energy, provid-
ing more than 80% of Ethiopia’s energy consumption. 
Forest residues, agricultural crop residues, livestock 
manure, and municipal solid wastes are Ethiopia’s pri-
mary biomass resources. Electricity access is limited in 
Ethiopia because the majority of the population lives 
in rural areas, owing to the country’s dispersed popu-
lation distribution, despite the fact that Ethiopia has a 
large potential for various alternative energy sources. 
Furthermore, because national grids were located far 
from the residents of rural communities, the majority 
of rural communities lacked daily access to electricity. 
The majority of rural societies rely on the free collec-
tion of woody biomass, crop residues, and livestock 
dung. As a result, they rely on traditional biomass 
energy sources for cooking, heating, and lighting, such 
as burning wood, dung, and agricultural waste. Cur-
rently, the demand for energy is increasing, while the 
supply of power generation must be balanced with 
the demand. Therefore, this review describes the cur-
rent dependence on traditional biomass energy types, 
its impact, and the biomass resources currently avail-
able in Ethiopia, as well as their potential for use in the 
production of various biofuel types. This would help 
to solve the gap between demand and supply of energy 
and encourage sustainable delivery of renewable energy 
to rural communities. Moreover, wastewater treat-
ment, biological waste gas treatment, and hydrogen 
generation from biomass derivatives over heterogene-
ous photocatalysts are highlighted among the various 
prospects for utilizing biomass energy at a big scale 
and developing biomass energy. We sincerely hope that 
our contributions to this review will be of great value 
to researchers, instructors, decision-makers, practic-
ing professionals, senior undergraduate and graduate 
students, and others who are interested in pollution 
remediation and energy production and storage using 
renewable and low-cost bio resources.
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