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Abstract: Bioenergy can play an important role in achieving the agreed United Nations Sustainable
Development Goals (SDGs) and implementing the Paris Agreement on Climate Change, thereby
advancing climate goals, food security, better land use, and sustainable energy for all. In this study,
we assess the surplus agricultural residues availability for bioelectricity in six least developed countries
(LDCs) in Asia and Africa, namely Bangladesh, Lao-PDR, and Nepal in Asia; and Ethiopia, Malawi,
and Zambia in Africa, respectively. The surplus agricultural residues have been estimated using
residue-to-product ratio (RPR), agricultural residues lost in the collection, transportation and storage,
and their alternative applications. We use a linear regression model to project the economic potential
of bioelectricity. The contribution of bioelectricity for meeting the LDCs’ electricity requirements
is estimated in a time frame between 2017 and 2030. Our results reveal that the surplus biomass
feedstock available from the agriculture sector could provide the total current electricity demand
in Malawi alone, followed by Nepal (45%), Bangladesh (29%), Lao People’s Democratic Republic
(Lao-PDR) (29%), Ethiopia (27%), and Zambia (13%). This study also explores the complementarity
and synergies of bioelectricity, SDG7, and their interlinkages with other SDGs. Findings from the
study show that providing access to sustainable energy in the LDCs to meet the SDG7 by 2030
might be a challenge due to limited access to technology, infrastructure, and finance. Site-specific
investigations on how much agricultural residues could be extracted in an environmentally benign
manner for bioelectricity and increased investment in the bioenergy sector are key potential solutions
in a myriad of options required to harness the full energy potential in the LDCs.

Keywords: energy access; least developed countries (LDCs); sustainable development goals (SDGs);
agricultural residues; bioelectricity

1. Introduction

Access to modern and reliable energy sources is a prerequisite for improving living standards
and promoting economic development. In 2015, the United Nations (UN) adopted the 2030 Agenda
of Sustainable Development, which includes a set of 17 Sustainable Development Goals (SDGs).
SDG7 aims at securing modern, affordable, and sustainable energy for all, thereby increasing the
share of renewable energy (RE) in the global energy mix [1]. One in seven people still lacks electricity,
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and most of them live in rural areas of the developing world [2]. Energy is the main contributor (60%)
of the global greenhouse gas (GHG) emissions (climate change impact), and more than 40% of the
world’s population rely on unhealthy and polluting fuels for cooking [2]. These are mainly low-income
countries that do not have access to modern energy where the majority of the population lives in
rural areas.

Biomass (fuelwood, agricultural residues, and dung) is the main traditional energy source in the
least developed countries (LDCs) and it is utilized inefficiently for cooking and heating purposes [3].
The LDCs are characterized by low income (Gross National Income (GNI) per capita), low level of
human capital or human assets (health and education), and they are exposed to economic vulnerability
(e.g., high population growth, geographic remoteness, natural disasters, etc.) [4]. The LDCs have a less
diversified energy mix with traditional biomass accounting for 59% of the total primary energy supply
(TPES) [3]. Despite the large share of traditional biomass in the primary energy matrix, the majority
is combusted inefficiently. This, coupled with population growth, results in increased demands for
more biomass (especially from the forest), thereby leading to deforestation. Additionally, the use of
traditional biomass for cooking, especially in poorly ventilated facilities, results in indoor air pollution,
lung diseases, injuries, and in severe cases, even death [5–7]. The bloc of LDCs also import a significant
amount of petroleum (oil) products [8–10].

In this article, we assess the modern bioenergy potential for electrification, obtained from
agricultural residues in the selected LDCs in Asia and Sub-Saharan Africa (SSA). Out of 47 LDCs
globally, three representative countries in Asia: Bangladesh, Lao People’s Democratic Republic
(Lao-PDR), and Nepal; and three from SSA: Ethiopia, Malawi, and Zambia, are considered. Except
for Bangladesh, the rest of the countries are land-locked (see Figure S1). Bangladesh has the highest
population density (i.e., 1115 capita per square km), while Zambia has the least population density,
with only 23 capita per square km. The majority of people live in rural areas and agriculture is one
of the key contributors to the Gross Domestic Product (GDP) in their respective countries. Ethiopia,
Lao-PDR, and Bangladesh have more than 6% GDP growth rate during the past decade [11], while the
economic growth rates of Nepal, Malawi, and Zambia are not stable [12] (Figure S2).

Low-income countries are typically agrarian economies and the agriculture sector offers the
highest employment rate, for example, 72% in Malawi, 70% in Nepal, and 40% in Bangladesh [13].
They produce plenty of agricultural commodities/crops. As a result, there are agricultural residues
in farms and co-products in agro-industries that could be utilized for energy generation. Per capita
electricity consumption of the selected LDCs is far below the world average, i.e., 3150 kWh in 2017.
For example, Zambia has the highest per capita electricity consumption (i.e., 730 kWh/capita) while
Ethiopia has the lowest (i.e., 90 kWh/capita) among the selected LDCs in 2017 [10].

However, relatively few studies have explored bioenergy potential comparatively in a cluster of
the selected LDCs in Asia and Africa. Huda et al. [14] have presented the prospects and technologies
related to the biomass energy in Bangladesh. Halder et al. [15] assessed the biomass energy resources
and related technologies and practices in Bangladesh. Toth et al. [16] investigated the use of agroforestry
and fuelwood in Malawi. Shane et al. [17] assessed the bioenergy potential from biomass in Zambia.
In Nepal, Gurung and Oh [18] reviewed the conversion of traditional biomass into modern bioenergy
systems (improved cooking stoves and biogas). Khatiwada et al. [19] evaluated power generation
from sugarcane biomass in Nepal. Ackom et al. [20] assessed the biomass resource potential in
Cameroon from sustainably extracted agricultural and forest residues. Sasaki et al. [21] estimated the
woody biomass and bioenergy potentials in Southeast Asia, including Lao-PDR. The Least Developed
Countries Report 2017 presents the energy status of LDCs [3]. However, an exploratory assessment
of modern bioenergy’s contribution to SDG7, considering agricultural biomass/residues in the LDCs,
has not been done yet.

The primary objective of this study is to assess agricultural residues availability and their potential
for bioelectricity in the studied LDC countries in Africa and Asia. The contribution of bioelectricity for
meeting SDG7 in their respective countries is analyzed. Bioelectricity potential from the major crops
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such as rice, maize, wheat, sugarcane, cassava, and potatoes is investigated. The paper investigates
four interrelated questions: (i) How much is the supply of agricultural residues for energy production
(i.e., mapping bioenergy supply and demand) in the selected LDCs?; (ii) How can bioelectricity help
achieve SDG7?; (iii) How can bioelectricity be developed in LDCs in synergies with other SDGs?;
and (iv) how can we create an enabling environment for the sustainable deployment of bioelectricity
derived from environmentally benign agricultural residues in the selected LDCs? The contrasting
cases in terms of diverse topography, population/demography, natural resources, development plans,
and national priorities provide knowledge contribution for the studied countries and possibly other
nations with similar biomass resources and circumstances. This study also provides important insights
on the untapped agricultural biomass and informs relevant stakeholders (agro-industries, development
partners, and policymakers) in realizing the full potential of renewable electricity in synergy with
agricultural and rural development, climate change mitigation, etc. This paper is structured as follows:
first Section 1, the introduction, provides the background and sets the rationale for the study. In Section 2,
we contextualize the access to clean and modern energy services. The need for modernizing bioenergy
and the status of SDG7 are also presented in Section 2. Section 3 assesses the sources of electricity
generation and future projection of electricity demand up to 2030. Section 4 provides a framework
for estimating the gross and net agricultural residue availability for bioelectricity. The technical and
economic potential of agricultural residues for biomass power generation is also presented in Section 4.
Section 5 investigates the bioelectricity potential in the selected LDCs under different scenarios towards
meeting SDG7. It explores the complementarity and synergism of bioelectricity, SDG7 and their
interlinkages with other SDGs. Finally, concluding remarks are made in order to find a way forward to
achieve the SDG7 in the selected LDCs.

2. Energy and Development in the LDCs

2.1. Economy and Energy Profile

Energy plays a key role in the economic development of countries. The energy transition from
traditional biomass to modern bioenergy is essential for industrial and economic growth [22,23].
The majority of LDCs do not have access to modern energy services and they are characterized
by relatively low Human Development Index (HDI). The HDI—measure of health, education, and
standard of living (GNI per capita)—is quite less for the selected LDCs, ranging from low human
development countries, such as Ethiopia (0.46) and Malawi (0.48), to medium human development
countries, such as Nepal (0.57), Bangladesh (0.61), Lao-PDR (0.60), and Zambia (0.59). The population
has been continuously increasing in the selected LDCs, with average annual growth rates ranging from
1.0% (Nepal) to 2.9% (Zambia) during the past two decades (1998–2017); refer to Table 1. In spite of the
rapid urbanization, the majority of the population lives in rural areas (Table 2). Energy consumption
and GNI in the LDCs are low compared to developing and industrialized countries [11]. Table 1
provides the socio-economic metrics, energy, and related emissions of the six LDCs in Africa and
Asia. Refer to Figure S3 which depicts the historic trend of urbanization and population growth in the
selected LDCs.

Bangladesh has an average annual GDP growth rate of 7.8% since 1990 and its GDP per capita was
US$1564 in 2017 [11]. Lao-PDR has remarkably achieved an annual economic growth rate of around
8% during the period 2000–2016 and its GDP per capita was US$2424.5 in 2017 [9,11]. Ethiopia has
also made substantial progress in the economic development in the last decade with a 4-fold increase
in GDP per capita [11]. However, the country still has a low GDP per capita (US$768 in 2017) [11].
Malawi has the lowest GDP per capita (US$356.5) even though there is an annual average growth of
3.1% in the last decade [11], refer to Figure S3.
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Table 1. Socio-economic metrics, energy, and related emissions in the selected least developed countries (LDCs).

Parameter Unit
Bangladesh Lao-PDR Nepal Ethiopia Malawi Zambia Reference

Year(s) Source
Value

Population Million 159.7 7.0 27.6 106.4 17.7 16.9 2017 [11]
Average population growth rate
(1998–2017), per year % 1.3 1.6 1.0 2.8 2.8 2.9 1998–2017 [11]

Gross domestic product (GDP) Billion US$ 249.7 16.9 24.9 81.7 6.3 25.9 2017 [11]
GDP/population (current US$) GDP/capita 1564 2425 901. 768 357 1535 2017 [11]

Real GDP growth, (2009–2016, selected year) % (average 2009–2016) 6.2 7.7 3.9 10.2 4.7 6.1 2009–2016 [24]
% 7.2 7.3 4.6 7.3 4.4 4.2 2017

Foreign direct investment inflows Millions of US$ 2152 813 198 3586 277 1091 2017 [24]
Poverty rate (population below US$1.90
a day) % of the total population 15 23 15 27 71 58 2018 [24]

Employment in the agricultural sector % of total employment 39 61 72 68 85 53 2017 [24]
Human development index − 0.61 0.60 0.58 0.46 0.48 0.59 2017 [25]
Total primary energy supply (TPES) Mtoe 39.5 4.8 12.6 41.0 4.1 11.1 2016 [10]
Energy consumption/population GJ/capita 8 57 6 3 2 11 2017 [26]
Net energy imports Mtoe 6.4 N/A * 2.9 4.1 N/A * 1.2 2016 [10]
CO2 emissions from fossil energy MtCO2 88.0 2.0 9.0 13.0 1.4 4.7 2017 [27]
CO2 emissions/population t CO2/capita 0.48 0.30 0.30 0.12 0.08 0.29 2014 [11]

* N/A: No data is available.
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Table 2. Share of Gross Domestic Product (GDP) in the economy, population, employment, and land
covered by the agriculture sector.

Parameters Bangladesh Lao-PDR Nepal Ethiopia Malawi Zambia Reference Year Source

Share (%) of GDP in the economy
Agriculture, forestry,
and fishing 13.1 15.7 25.0 31.1 26.1 2.6

2017 [11]Industry 28.5 31.5 13.4 27.3 14.4 36.3
Services 53.0 41.6 50.3 36.5 52.4 54.1
Others 5.4 11.2 11.3 5.1 7.1 7.0

Agriculture sector
% of total employment 39.1 61.3 71.7 68.2 84.7 53.3 2017 [24]
% of land area cover (2016) 70.6 10.3 28.7 36.3 61.4 32.1 2016 [11]
% of the total population in
the rural area 64.1 65.6 80.7 79.7 83.3 57.0 2017 [11]

Due to economic progress, urbanization, and rising population, energy supply and consumption
have also increased in the LDCs. In Bangladesh, energy consumption increased by around 50% in the
last decade (2006–2016) [10]. Nepal’s total primary energy supply increased by almost 40%, escalating
the share of commercial energy (hydro and fossil oil) from 9.7% to 18.5% [10]. In Zambia, the TPES
has increased by 3.6% annually from 7.78 million tonne oil equivalent (Mtoe) to 11.08 Mtoe between
2006 and 2016, whereas total final energy consumption (TFEC) has also grown by 3.7% in the last
decade [10]. In Ethiopia, in spite of the continuous increase in the energy supply (3.5% annual increase
in the last 10 years), TPES per capita has almost remained the same since 1990, with a value of 0.5 tonne
oil equivalent (toe) per capita [10].

In Bangladesh, of the total TPES (i.e., 39.54 Mtoe), natural gas has the largest share with a
contribution of 58.4%, followed by biomass/biofuels (23.9%), petroleum oil (13.3%), and coal (4.3%) [10].
Out of the total 5.58 Mtoe, coal, biomass, and hydroelectricity are the major sources of the TPES
in Lao-PDR, with the corresponding shares of 32.3%, 29.0%, and 22.1%, respectively [9]. In Nepal,
biomass, imported fossil (coal and oil products), and electricity are its main sources of the TPES
(12.65 Mtoe in 2016). Commercial energy amounts to 18.5% of the total in the form of fossil fuels
(15.6%) and electricity (2.9%) in the country [10]. In the LDCs, net energy imports (petroleum products)
has drastically increased in the last decade [10], thereby spending a huge amount of foreign currency
on the import of petroleum products. The import of petroleum products has increased from 1.75 Mtoe
to 23.99 Mtoe in one decade (between 2006 and 2016) in Ethiopia [10]. Domestic (or residential) sector
has the highest share in the TFEC, e.g., 92.7% in Ethiopia, 82.7% in Nepal, 65% in Zambia, and 58.5% in
both Bangladesh and Lao-PDR. Energy is mainly used for cooking and lighting purposes. On the other
hand, transport and industrial sectors have relatively low shares in the TFEC: Bangladesh (transport,
12.5%; industry, 28.9%), Nepal (transport, 10.1%; industry, 7.2%), Ethiopia (transport, 4.1%; industry,
3.2%), and Zambia (transport, 4.6%; industry, 30.4%) [10].

Agriculture is the major source of economic activity in the LDCs. Over 40% of the population in
the selected LDCs is employed in this sector [11]. Table 2 shows the share of GDP in the economy,
population employed in the agricultural sector, and rural population and land area in the LDCs.
Around 80% of population live in rural areas in Nepal (80.7%), Ethiopia (79.7%), and Malawi (83.3%),
whereas other LDCs also have the majority of the rural population: Bangladesh (64.1%), Lao-PDR
(65.6%), and Zambia (57.0%). The agricultural sector provides up to 85% of employment in the LDCs
(Table 2). In Nepal, the agricultural sector accounts for one-fourth of GDP’s contribution, whereas
the industrial and service sector has 13.5% and 50.3%, respectively. Regardless of the countries’ large
population employed in the sector, the contribution to the national GDP is relatively low. In Zambia,
the agricultural sector merely contributed to the economy with a small share of 2.6%, while the
population employed in the sector was 53.3%. This is mainly due to the lack of modernization,
productivity (production/hectare), and efficiency of the agricultural sector. There are still many people
in the LDCs who are living under the national poverty lines [11]. For example, poverty rate (population
below US$1.90 a day) is 14.8% (Nepal), 26.7% (Ethiopia), and 71.4% (Malawi) (see Table 1).



Sustainability 2019, 11, 7091 6 of 29

2.2. Biomass in the Primary and Final Energy Consumption

As mentioned earlier, rural dwellers heavily rely on traditional fuels for cooking. Biomass and
wastes are the key primary energy sources in the selected LDCs, notably Nepal, Ethiopia, Malawi,
and Zambia. The shares (in the TPES) of biomass/biofuels were 23.5% (Bangladesh), 34.0% (Lao-PDR),
73.7% (Nepal), 87.7% (Ethiopia), 88.2% (Malawi), and 75.4% (Zambia). Refer to Table S1 for the TPES
in the selected LDCs by fuel type.

In Lao-PDR, the use of biomass has drastically decreased from 78% to 34% between 2000 and
2015 [9], which is mainly due to the rapid expansion of hydropower plants and increased consumption
of fossil fuels. In Nepal, traditional biomass has the largest share of the TFEC, amounting to 77.6%,
followed by oil products (12.5%), coal (4%), and electricity (3.4%) in 2015 [28]. Figure 1 presents the
share of fuel types in the total energy matrix in Nepal. Approximately 70% of the population use
fuelwood for energy consumption, mainly for cooking [28]. These numbers denote the present low
level of industrial and economic activities in the country.
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Figure 1. Distribution of energy consumption by fuel type (in 2015) in Nepal [28]. (Note: Total energy
consumption was 500 PJ).

In Ethiopia, the share of biomass and biofuels was 87.5% in the TFEC (by source) in 2017, followed
by oil products (9.5%) [10]. It should be noted that Ethiopia has only 12.5% of forest land while 36.3%
area was covered by agricultural land [11]. In Malawi and Zambia, traditional biomass remains the
dominant source of primary energy (Figure 2). Zambia has a share of 75.4% of the traditional biomass
in the TPES [10], whereas Malawi has a gigantic share of 88.22% [8]. It is noteworthy to mention
that the share of biomass in the TPES is almost the same in the last ten years in Malawi and Zambia.
Among the total TFEC, traditional biomass has a significant role in the LDCs (see Figure 3). Table S1
summarizes the share of the TPES in the selected LDCs by fuel source.
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2.3. The Need for Modernizing Traditional Biomass Utilization

As mentioned in the previous section, the majority of people live in rural areas in the LDCs using
traditional biomass fuel as a major source of energy. In the SSA, the share of biomass in the household
energy consumption is around 90% [30]. The incomplete burning of biomass poses a severe health
impact due to the release of small smoke particles and carbon monoxide (CO) [5,6]. Biomass burning is
a significant air pollution source, with global, regional, and local impacts on air quality, public health,
and climate [31]. Therefore, it is important to avoid an inefficient burning of biomass for cooking.
Furthermore, the open burning of biomass (agricultural residues) in the field also causes air pollution,
public health risk, and climate impacts [32,33]. There are also problems related to deforestation and
land degradation while using excessive fuelwood for cooking.

The expansion of agricultural land and the high demand for fuelwood as fuel promote deforestation.
Figure 4 shows the trend of agriculture and forestland in the selected LDCs. The farmland is increasing
in all countries, and consequently, the forest cover is decreasing, except in Lao-PDR. Thus, traditional
biomass shall have a considerable impact on the environment (i.e., deforestation and desertification)
and public health (i.e., indoor air pollution). Modernization of bioenergy can add value to existing
resources and serve to meet increasing energy demand, as well as create jobs and reduce poverty [34].
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An improved cooking stove (ICS) can help improve burning efficiency and reduce health hazards,
and it has a low rank in the energy ladder which describes the selection of fuel choices as per the
variations in the economic status of the individual household [36,37]. A transition toward cleaner
and more efficient forms of energy is achieved by moving up the energy ladder. Household incomes
(economic well-being) and availability of cleaner fuels also play an important role in switching and/or
diversifying energy services. We assume that there would be government incentives for promoting
locally produced bioelectricity and rural households can afford to buy/utilize it. Bioelectricity from
agricultural residues has the potential to contribute to resource efficacy, protection of forests, reduce
GHG emissions, and protect human health or avoid indoor air pollution in rural areas of the LDCs.

2.4. Defining SDG7—State of Art and Perspectives and the Possible Role of Modern Bioenergy

The 2030 Agenda for Sustainable Development adopts 17 SDGs, which aim to end poverty,
improve health and education quality, reduce inequality, enhance economic growth while mitigating
climate change, and preserving ecosystem services, etc. Energy is a key enabler for several SDGs
including economic development and social wellbeing. SDG7 (ensuring access to affordable, reliable,
sustainable, and modern energy for all) has five targets and six indicators. The SDG7 targets and
indicators are outlined in Table S3.

The SDG7 is strictly related to several other SDGs, notably climate change (SDG13), poverty
eradication (SDG1), elimination of hunger (SDG2), gender equity (SDG5), health (SDG3), and clean
water (SDG6). In this section, we present the progress of the selected LDCs in their efforts towards
achieving SDG7—especially the targets 7.1 (7.1.1 and 7.1.2), 7.2, and 7.3. Targets 7.A and 7.B consider
the means of implementation, mainly financing. Table 3 summarizes the current status of SDG7 in the
selected LDCs.

Table 3. Status of United Nations Sustainable Development Goal 7 (SDG7) in the selected LDCs.

SDG7 (Targets/Indicators) Bangladesh Lao-PDR Nepal Ethiopia Malawi Zambia Reference Year

SDG7.1.1 Access to electricity

of the total population (%) 88 94 96 44 13 40 2017
of the urban population (%) 100 100 99 97 58 75 2017
of the rural population (%) 81 91 95 31 4 14 2017

SDG7.1.2 Access to clean fuels
for cooking (% of the population) 19 6 29 3 2 16 2017

SDG7.2 RE (% of TFEC) 34 52 79 92 79 89 2016

SDG7.3 Energy efficiency (MJ per
US$ PPP 2011) 3.1 5.9 8.1 13.1 4.2 7.7 2016

Source: [38], Also refer to Table S3, Table S4, Table S5, Table S6.
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2.4.1. Access to Electricity

There is significant progress globally in the access to electrification [38]. The recent report by
World Bank shows that the global electrification rate reached 89%, with a resultant drop in the number
of people without electricity to 840 million compared to 1 billion in 2016 and 1.2 billion in 2010 [38].
It is projected that only 8% of the world population will not have access to electricity in 2030 and 90%
of them will be in SSA [38]. Around 97% of the urban population in the world has access to electricity,
while only 76% of the rural population had access to electricity in 2017 [38]. Figure S4 presents the
historic progress in the global electricity access since 1990.

Historically, the LDCs are characterized by a lower rate of electrification, and access to electricity
is limited compared to the global average. Figure S4 shows the evolution of electricity access in the
selected LDCs, SSA, and the world. It depicts that there is a rapid growth in electricity access to
households in the studied Asian countries: Bangladesh, Lao-PDR, and Nepal.

As depicted in Figure S4, countries in Asia have a higher rate of electricity access compared to the
countries in SSA. In spite of the progress made in the last years, Ethiopia, Zambia, and Malawi still
have relatively low electrification access rates of 44%, 40%, and 13%, respectively (see Table 3). There is
a huge disparity in access to electricity. The urban population in Nepal, Bangladesh, and Lao-PDR
have almost 100% access to electricity, whereas rural people in Malawi surprisingly have very limited
electricity access. The majority of the population lives in rural areas where the rate of electricity in
rural areas is low. Only 4% and 14% of the rural population of Malawi and Zambia, respectively,
had access to electricity in 2017 [38]. It is worthwhile to mention that electricity is mainly used for
lighting. Access to electricity for productive uses such as irrigation and other agricultural activities
can also help promote rural development in the LDCs. Therefore, it is important to electrify the rural
population for economic development and social well-being.

2.4.2. Access to Clean Fuels for Cooking

As mentioned in Section 2.2, traditional biomass is the main source for cooking and heating in
the LDCs. The use of traditional biomass and inefficient burning of biomass is often associated with
negative consequences such as deforestation, indoor air pollution, ill-health (lung-related diseases),
injuries, and sometimes death (Section 2.3). Table 3 presents the status of access to clean fuels in
the LDCs. On a global scale, approximately 3 billion of the population did not have access to clean
fuels and technologies in 2017, and the majority of the population resided in the LDCs [38]. Malawi
(2%), Ethiopia (3%), Lao-PDR (6%) had the lowest access to clean fuels and technologies for cooking
in 2017. At the current annual rate of progress, it would be difficult to meet the SDG7.1.2 (target of
universal access to clean cooking) [38]. Thus, cleaner fuels and efficient cooking technologies should
be promoted with innovative scale-up schemes (models) for multiple benefits [39].

2.4.3. Renewable Energy Share in the Total Final Energy Consumption (TFEC)

All six LDCs considered in this study have more than the world average of around 20% share of
renewables in TFEC. Four LDCs including Ethiopia, Zambia, Malawi, and Nepal had the largest share
of RE which was more than 75% in 2017 [38], also refer to Table 3. Bangladesh had a 34% RE share in
the TFEC, which is the lowest among the six LDCs considered in the analysis, whereas the RE share in
Ethiopia (91.1%) was the highest, followed by Zambia (88.5%), Nepal (79.2%), and Malawi (78.5%).

2.4.4. Energy Efficiency (Energy Intensity)

Energy intensity is a proxy indicator to measure energy efficiency at national levels, which is
the ratio of the TPES to the GDP, measured at purchasing power parity (PPP) in constant 2011 US$.
This indicates how much energy is used to produce one unit of economic output, and hence a lower
ratio depicts that less energy is required to produce one unit of economic product. LDCs have shown
the fastest decline in energy intensity compared to industrialized and developed countries. Table S6
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shows the trend in primary energy intensity in the LDCs. The increased share of industries and
consumption of commercial (modern) energy production by fuel type in the national economy have
contributed to making significant progress in the energy intensity.

3. Source of Electricity Generation, Consumption Pattern, and Future Demand Projection

In this section, we present the source of electricity generation and consumption patterns in the
selected LDCs. The future projection of electricity generation and demand is also presented.

3.1. Electricity Generation and Consumption Pattern in the LDCs

The major source of electricity generation in the LDCs analyzed in this study is largely hydropower,
except in Bangladesh (Figure 5). Nepal, Lao-PDR, Ethiopia, and Zambia have abundant hydroelectricity
potential. Nepal and Zambia have almost 100% hydropower share in their electricity mix. However,
electricity is mainly produced from natural gas in Bangladesh, in contrast to other LDCs, while Lao-PDR,
Ethiopia, and Malawi have a small share of electricity derived from oil products and other renewables.
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In Bangladesh, the installed capacity of power generation was 12,540 MW in 2016, including
600 MW energy export and renewables [40]. At present, the public sector has a share of 53% of the
installed capacity and the private sector add up to another 42% of the installed capacity, whereas the
remaining demand is met through the imports. The country had generated 64,327 GWh of electricity
in 2016 [10]. Out of this total production, natural gas carried the majority share with 82%, followed
by fossil oil (15%). Renewables (hydro, solar, and wind) had only around 1% of the total production.
As regards the total sectoral retail electricity consumption, domestic sector held the major share with
a 50.2%, followed by the industry (35.5%), commercial, (9.3%), and agricultural sectors (3.1%) [40].
In Lao-PDR, the total installed power generation capacity was 6418 MW in which hydropower had
a share of 70.7% and combustible fuels had a share of 29.3% in 2016 [41]. Out of the total electricity
production of 16,302 GWh by source, hydropower contributed 86% and the remaining came from
coal power [9]. In Lao-PDR, a major portion of the electricity produced is exported to neighboring
countries, mainly to Thailand. The export of electricity accounted for around 75% of the total electricity
generated in the country. Electricity from coal has been used for export purposes since 2013. When
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it comes to the domestic consumption of electricity, 4248 GWh was consumed in several sectors:
the majority of the consumption in industries (41.1%), followed by households (37.6%), and service
(20.4%) [41]. It should be noted that the country also imports electricity during the dry season when
there is less production of electricity from hydropower plants [9]. Nepal had 1132 MW installed
capacity of electricity (including isolated/grid-connected or hydro/thermal) in 2016 [28,42,43]. Isolated
energy systems (i.e., micro-hydro and solar home systems) serve remote rural areas and constitute
5.5% (i.e., 62.2 MW) of the total installed capacity. Out of the total annual electricity demand of 6258
GWh, Nepal domestically produced 4476 GWh, while 2582 GWh was imported from India in 2017 [43].
In the national grid, electricity from diesel thermal plants has a negligible share due to high operation
and maintenance costs. The residential sector was responsible for the largest share of electricity
consumption (45.2%), followed by the industrial sector (36.0%). Over the last years, electricity demand
has significantly increased, including the peak demand, i.e., the highest power demand that occurs
over a certain period [43]. It should be noted that Nepal used diesel generators to provide electricity in
urban centers during load shedding periods, leading to huge local air pollution in cities [44].

In Ethiopia, the total installed capacity of electricity generation was 4238 MW in 2016 [41].
Hydropower has the largest share of around 89.9% [41]. The rest is from renewables (7.81%, mainly
wind and geothermal) and diesel power plants (2.34%). The country consumed 8802 GWh of
electricity in 2016 [41]. Electricity consumption is mainly in urban households and small industries.
The household/domestic sector used almost two-third of electricity and the remaining amount was
utilized by industrial/commercial sectors. In Malawi, the total installed capacity for large hydropower
was 345.5 MW, whereas 23.8 MW was from bagasse and small hydro in 2014 [45]. Net production of
electricity in 2016 was 2058 GWh and the household sector was the main consumer (878 GWh, 55.7%)
followed by industries (699 GWh, 44.3%) [41]. Zambia had the total installed capacity of 2829 MW
in 2016: 84.3% from hydropower and 15.7% from combustible fossil fuels with the generation of
11,695 GWh of electricity in 2016 [41]. Hydropower dominates the total electricity generation with a
share of 94.3%. The remaining electricity comes from coal and oil. Around 60% of the electricity is
used in industry and the remaining 40% in the household sector. The country also imports electricity
from the neighboring country depending upon the availability of water in rivers. For example,
the country imported 1391 GWh of electricity in 2016 [41]. Recently, Zambia has experienced an
extended load-shedding (power-cuts) in the country, reducing its electricity consumption by 30% in
2015 [46]. This is mainly due to low water levels in reservoirs and declining water flows in rivers [47].
The total installed power generation capacity by fuel type in the selected LDCs is presented in Figure 6.

3.2. Future Projection of Electricity Generation and Demand in the LDCs

For meeting the universal access to cleaner and renewable energy in the LDCs, there should be
an increased generation of electricity supply. We have taken into account the respective countries’
plans and policies in order to project the electricity generation until 2030. Anticipated trends towards
increased urbanization and industrialization, coupled with continued economic growth and population
rise, would trigger the rise in electricity consumption in the LDCs. As the bloc of countries is also
aiming to uplift their economies from the LDCs to medium-income countries, electricity is essential for
this transition. To assess the electricity generation and peak load demand in the near future we have
used the economic growth and electrification pattern of selected LDCs analyzed in this study. Figure 7
presents the electricity generation (TWh) and peak load demand (MW) in the selected LDCs until 2030,
also refer to Table S7.
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Bangladesh has increased its electricity demand at an annual average of 8.26% since 2000 [40].
For the projection, we use an annual growth rate of 7.85% in peak load, which is also aligned with
the current trend [48]. Energy production and peak power would be 175,926 GWh and 29,264 MW,
respectively, in 2030 (see Figure 7). As mentioned above, Lao-DPR’s net export of electricity was
around 75% of the total production. Domestic electricity demand is also increasing—it has increased by
a factor of thirteen from 2000 [9]. The increase is mainly in the household (domestic) and the industrial
sector. According to the Lao-PDR’s demand forecast (2016–2030), it is estimated that there would be a
13.4% annual increase in electricity generation in the country [49]. Electricity generation would be
32,923 GWh by 2030 and the corresponding peak load is set at 5892 MW. The export of electricity is not
considered in the projection.
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Nepal Electricity Authority (NEA), the state-owned public company, is mainly responsible for
carrying out load forecasting, the generation planning of the power system of Nepal. Peak demand has
doubled from 722 MW in 2008 to 1444 MW in 2017 [43]. However, the generation of hydroelectricity
has not sufficiently met the country’s increasing demand. The demand for electricity is expected to
rapidly increase with an average annual growth rate of 12.48% due to the nation’s economic and
industrial development [43]. Peak load is estimated to be 7542 MW with the total electricity generation
amounting to 34,355 GWh in Nepal by 2030 (see Figure 7). Ethiopian Electric Power Corporation has
projected the national electricity demand in the form of energy generation (GWh) and peak load (MW)
from 2012 until 2037 in different scenarios [50]. For example, in the base case, the peak demand forecast
grows from 2657 MW in 2015 to 14,372 MW by 2030. This represents an average annual growth rate of
12.3% in energy generation (GWh) and 10.3% in peak load (MW).

There are a few old studies and reports which investigate the trend and future projection of the
electricity demand and generation in Malawi. Taulo et al. [8] undertook both short and long-term
energy demand forecasts for Malawi using the Model for Analysis of Energy Demand (MAED) for
the period of 1999–2011 and 2008–2030. The grid electricity demand has increased from 1032 GWh
to 1888 GWh from 1999 to 2011, representing an average annual growth rate of 6% [8]. As per the
UN report, the net production of electricity has increased from 1793 GWh to 1875 GWh between
2011 and 2016 with the corresponding 288 MW (2011) and 352 MW (2016) generation capacity in
Malawi [41]. The peak load in Malawi was 323 MW in 2016 [51]. Electricity Supply Corporation of
Malawi (ESCOM), a state-owned authority, is responsible for the supply and distribution of electricity
in Malawi. The government of Malawi in 2010 estimated that the projected electricity demand would
be 598 MW in 2015, 874 MW in 2020, 1193 MW in 2025, and 1597 MW in 2030 [8]. However, the demand
has been unmet, leading to load shedding up to 12 hours a day. In this study, the projected installed
capacity (peak load) of electricity generation is estimated to 1500 MW in 2030 (Figure 7), which is
approximately a 10% annual increase from the current capacity of 352 MW 2016. The corresponding
8541 GWh would be generated by 2030, considering a capacity factor of 65% [52]. Zambia developed a
Power Systems Development Master Plan in 2011 [52]. Energy demand forecasted by the government
of Zambia shows that there would be a 4.1% increase in the electricity production until 2030, reaching
the generation up to 21,481 GWh. The projected peak load was 4066 MW (in 2030) which is around
2.5 times higher than that of 1600 MW in 2008. While performing the estimation of electricity demand
(GWh), we consider the given peak loads and load factors from Power Systems Development Master
Plan, which lies between 68% and 74% [52].

4. Estimating the Bioelectricity: Methodological Approach and Data Sources

When it comes to assessment of bioelectricity from agricultural residues, this study looks at
three interrelated questions: (i) what is the supply of biofuels (agricultural residues) in the selected
LDCs?; (ii) what would be technical potential of supply of bioelectricity?; and (iii) what is the economic
potential of the bioelectricity in the selected LDCs considered in this study? The first research question
is more related to the availability of agricultural residues. Nevertheless, both the technical and
economic potential of bioelectricity require a detailed technical evaluation of surplus biomass feedstock
availability for energy applications.

The conversion of agricultural residues to biomass feedstock for electricity generation is developing
as a potential form of bioenergy. Bioelectricity can be mainly produced through the combustion of
lignocellulose feedstock which is obtained from biomass sources such as agricultural products and
residues, plantation forests, sawmill residue, and native forests. In order to estimate the amount of
agricultural residues that can be used for the production of bioelectricity, we use the methodology
developed by Tripathi et al. [53] that was further improved by Purohit et al. [54] after taking into
account the crop and its residue production, environmental constraints, and their competitive uses.
The gross agricultural residue availability essentially depends upon the area under the crop, yield,
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and residue to product ratio for the crop. Therefore, the gross agricultural residue, GARi, availability
for the ith crop in jth LDC can be estimated by using the following equation:

GARi, j =

m,n∑
i= j=1

(
Ai, jYi, j

)
RPRi, j (1)

where Ai,j and Yi,j respectively represent the area and yield of ith crop (i = 1, 2, 3, .... m crop) in the jth
LDC (j = 1, 2, 3, .... n LDCs) and RPRi,j the residue to product ratio for ith crop in jth LDC.

The surplus agricultural residue available for bioelectricity can be evaluated by introducing certain
restrictions on the GAR potential of the crop residues. It has been revealed that the competing uses of
a particular crop residue and the harvesting practices have a remarkable influence on the availability
of crop residues [55,56]. Moreover, a certain amount of crop residues is also required for retaining soil
fertility [56–59].

Therefore, the surplus agricultural residue (SAR) availability of ith crop in jth LDC for energy
applications can be estimated by using the following equation:

SARi, j = ξce
(
1− ξ f odder

)
(1− ξoth)

m,n∑
i= j=1

(
Ai, jYi, j

)
RPRi, j (2)

where ξce represents the collection efficiency of agricultural residues, ξfodder the fraction of agricultural
residues used for fodder applications, and ξoth the fraction of agricultural residues used for other
applications (i.e., paper industry, cardboard industry, construction materials, etc.).

Finally, the bioelectricity potential is estimated as a product of the surplus agricultural residue
availability (Mt) for biomass power and specific biomass consumption for electricity (kg/kWh). It
should be noted that not all agricultural residues are easily accessible, available, or economically
viable for energy production [60]. Several factors are required to help determine the extent to
which agricultural residues can be extracted in an environmentally benign manner from any specific
location [61]. This includes, for example, crop cutting height, crop yield, land slope, tillage, edaphic
factors (i.e., soil type and soil fertility), weather, and wind patterns [20,62,63]. Based in part on the
recommendation by OECD/IEA [64], this study adopts a rather conservative 20% extraction rate
for agricultural residues (leaving the remaining 80% for soil nutrient recycling, ecosystem function,
animal fodder, and other competing utilization). The authors recommend that further to their results,
geospatial analysis of crop production and robust field studies in situ would be required to inform
policymakers regarding the realistic potential of agricultural residues that can be extracted in an
environmentally benign manner in any of the studied countries. Additionally, the study helps provide
invaluable information on specific crop type(s) to concentrate edaphoclimatic investigations on residues
for future bioelectricity production. As reported in Ackom et al. [20], such information is essential to
help address both food security and modern energy needs (via bioelectricity from only 20% agricultural
residues) in developing countries.

The historical crop production data of major crops by the LDCs considered in this study has been
obtained from FAO-Statistics [13]. Table S8a presents the production of major crops by country in 2017
obtained from FAO-Statistics [13]. The specific ratios of residue-to-grain production of different crops
are taken from publicly available literature, as shown in the supplemental Table S8b. To assess the
technical potential of agricultural residue availability we assume that the gross residue available from
the crop production is available for bioelectricity. For the year 2017, the total crop production was
72.9 Mt in Bangladesh, 20.6 Mt in Ethiopia, 15.9 Mt in Nepal, 9.9 Mt in Zambia, 18.2 Mt in Malawi,
and 10.4 Mt in Lao-PDR, as shown in the supplement (Table S8a). The gross residue availability was
estimated at 111 Mt in Bangladesh, 34 Mt in Ethiopia, 21 Mt in Nepal, 15 Mt in Lao-PDR, 13 Mt in
Zambia, and 17 Mt in Malawi for 2017.
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We use a linear regression model to estimate the area and production of major crops in the near
future. It is a starting point for projecting the agricultural residues and their utilization. For the years
2018 and 2030, the projected crop productivity is based on the data from 2002 to 2017 [13]. We assume
that the increase in food production and productivity would follow the trend (2002–2017) for another
10–15 years, i.e., until 2030. In addition, there would no drastic increase or change in agricultural
practices and/or shift in agricultural commodities. Figure 8 presents the historical and projected
technical potential of agricultural residues by crop in the selected LDCs considered in this study.
The annual technical potential of agricultural residue availability for bioelectricity and associated
biomass power potential for six countries is presented in Table S9a of the supplementary information.
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Figure 8. Historical and projected technical potential of agricultural residues by crop in the
selected LDCs.

Figure 9 presents the technical potential of gross agricultural residue availability for biomass power
generation in the selected LDCs considered in this study. The gross agricultural residue availability for
energy applications is presented in the left panel whereas the technical potential of biomass power
is shown in the right panel. The specific biomass consumption has been taken to be 1.21 kg/kWh
with a capacity factor of 80% [65], whereas 1.6 kg/kWh specific bagasse consumption is assumed for
bagasse-based co-generation units with a capacity factor of 53% [66]. For the base year 2017, the gross
agricultural residue availability estimated at 111.4 Mt for Bangladesh is expected to increase 148.9 Mt
by 2030. Using the assumptions on specific biomass/bagasse consumption, the technical potential
of biomass power generation is estimated approximately at 13.2 and 17.6 GW, respectively, in 2017
and 2030. For Ethiopia, the gross agricultural residue availability estimated at 33.8 Mt in 2017 is
expected to increase 54.1 Mt by 2030 (Figure 9). The associated technical potential of biomass power is
estimated approximately at 4.0 and 6.4 GW, respectively, in 2017 and 2030. Similarly, in Lao-PDR, the
gross agricultural residue availability estimated at 14.6 Mt in 2017 is expected to increase 22.9 Mt by
2030, whereas the technical potential of biomass power is estimated approximately at 1.7 and 2.7 GW,
respectively, in 2017 and 2030. In Malawi, the gross agricultural residue availability estimated at
16.5 Mt in 2017 is expected to increase 25.5 Mt by 2030, whereas the technical potential of biomass
power is estimated approximately at 2.0 and 3.0 GW, respectively, in 2017 and 2030 (Figure 9). In Nepal,
the gross agricultural residue availability estimated at 20.6 Mt in 2017 is expected to increase 25.4 Mt
by 2030, whereas the technical potential of biomass power is estimated approximately at 2.5 and



Sustainability 2019, 11, 7091 16 of 29

3.0 GW, respectively, in 2017 and 2030 (Figure 9). For Zambia, the gross agricultural residue availability
estimated at 13.0 Mt in 2017 is expected to increase 20.8 Mt by 2030, whereas the technical potential of
biomass power is estimated approximately at 1.6 and 2.5 GW, respectively, in 2017 and 2030 as shown
in Figure 9 (see Table S9a).

Sustainability 2019, 11, x FOR PEER REVIEW` 16 of 29 

expected to increase 22.9 Mt by 2030, whereas the technical potential of biomass power is estimated 

approximately at 1.7 and 2.7 GW, respectively, in 2017 and 2030. In Malawi, the gross agricultural 

residue availability estimated at 16.5 Mt in 2017 is expected to increase 25.5 Mt by 2030, whereas the 

technical potential of biomass power is estimated approximately at 2.0 and 3.0 GW, respectively, in 

2017 and 2030 (Figure 9). In Nepal, the gross agricultural residue availability estimated at 20.6 Mt in 

2017 is expected to increase 25.4 Mt by 2030, whereas the technical potential of biomass power is 

estimated approximately at 2.5 and 3.0 GW, respectively, in 2017 and 2030 (Figure 9). For Zambia, 

the gross agricultural residue availability estimated at 13.0 Mt in 2017 is expected to increase 20.8 Mt 

by 2030, whereas the technical potential of biomass power is estimated approximately at 1.6 and 2.5 

GW, respectively, in 2017 and 2030 as shown in Figure 9 (see Table S9a). 

 

(a) (b) 

Figure 9. Technical potential of agricultural residues for biomass power generation in the selected 

LDCs: (a) Agricultural residue availability for energy applications, (b) Biomass power generation 

potential. 

The use of crop residues varies from region to region and depends on their calorific values, lignin 

content, density, palatability by livestock, and nutritive value. The residues of most of the cereals and 

pulses have fodder value. However, the woody nature of the residues of some crops restricts their 

utilization to fuel uses only. The dominant end uses of crop residues in the LDCs are as fodder for 

cattle, fuel for cooking, and thatch material for housing [17,67–69]. All the non-fodder, non-fertilizer 

agricultural residues with low moisture content can, in principle, be considered as feedstocks for 

energy applications. Approximately, 10% of the total amount of agricultural residues is lost in the 

collection, transportation, and storage, whereas another 15% of the total amount of agricultural 

residues is used in other competing applications [54]. A recent study by Purohit and Fischer [68] 

estimated that approximately 53% of the gross residue availability is used for fodder applications in 

India. Therefore, as mentioned above, to assess the economic potential of agricultural residues in the 

LDCs in this study we have assumed a conservative estimate of 20% of the gross residue availability 

(technical potential) used for energy applications. Figure 10 presents the historical and projected the 

economic potential of agricultural residues by crop in selected LDCs considered in this study. The 

annual economic potential based on surplus agricultural residue availability for bioelectricity and 

associated biomass power potential for six LDCs considered in this study is presented in Table S9b 

of the supplementary information. 

0

50

100

150

200

250

300

20
02

20
03

20
04

20
05

20
06

20
07

20
08

20
09

20
10

20
11

20
12

20
13

20
14

20
15

20
16

20
17

20
18

20
19

20
20

20
21

20
22

20
23

20
24

20
25

20
26

20
27

20
28

20
29

20
30

M
t

Bangladesh Lao-PDR Nepal Ethiopia Malawi Zambia

Actual Projected

0

6

12

18

24

30

36

20
02

20
03

20
04

20
05

20
06

20
07

20
08

20
09

20
10

20
11

20
12

20
13

20
14

20
15

20
16

20
17

20
18

20
19

20
20

20
21

20
22

20
23

20
24

20
25

20
26

20
27

20
28

20
29

20
30

G
W

Bangladesh Lao-PDR Nepal Ethiopia Malawi Zambia

Actual Projected

Figure 9. Technical potential of agricultural residues for biomass power generation in the selected LDCs:
(a) Agricultural residue availability for energy applications, (b) Biomass power generation potential.

The use of crop residues varies from region to region and depends on their calorific values, lignin
content, density, palatability by livestock, and nutritive value. The residues of most of the cereals and
pulses have fodder value. However, the woody nature of the residues of some crops restricts their
utilization to fuel uses only. The dominant end uses of crop residues in the LDCs are as fodder for
cattle, fuel for cooking, and thatch material for housing [17,67–69]. All the non-fodder, non-fertilizer
agricultural residues with low moisture content can, in principle, be considered as feedstocks for
energy applications. Approximately, 10% of the total amount of agricultural residues is lost in the
collection, transportation, and storage, whereas another 15% of the total amount of agricultural
residues is used in other competing applications [54]. A recent study by Purohit and Fischer [68]
estimated that approximately 53% of the gross residue availability is used for fodder applications in
India. Therefore, as mentioned above, to assess the economic potential of agricultural residues in the
LDCs in this study we have assumed a conservative estimate of 20% of the gross residue availability
(technical potential) used for energy applications. Figure 10 presents the historical and projected
the economic potential of agricultural residues by crop in selected LDCs considered in this study.
The annual economic potential based on surplus agricultural residue availability for bioelectricity and
associated biomass power potential for six LDCs considered in this study is presented in Table S9b of
the supplementary information.

Figure 11 presents the economic potential of surplus agricultural residue availability for biomass
power generation in the selected LDCs considered in this study. The surplus agricultural residue
availability for energy applications is presented in the left panel whereas the economic potential
of biomass power is shown in the right panel. For the base year 2017, the surplus agricultural
residue availability was estimated at 22.3 Mt for Bangladesh is expected to increase 29.8 Mt by 2030.
The economic potential of biomass power generation is estimated approximately at 2.6 and 3.5 GW,
respectively, in 2017 and 2030. For Ethiopia, the surplus agricultural residue availability was estimated
at 6.8 Mt in 2017 is expected to increase by 10.8 Mt by 2030. The associated technical potential of
biomass power is estimated approximately at 0.8 and 1.3 GW, respectively, in 2017 and 2030. Similarly,
in Lao-PDR the surplus agricultural residue availability was estimated at 2.9 Mt in 2017 is expected to
increase approximately 4.6 Mt by 2030, whereas the technical potential of biomass power is estimated
approximately at 0.3 and 0.5 GW, respectively, in 2017 and 2030. In Malawi, the surplus agricultural
residue availability was estimated at 3.3 Mt in 2017 is expected to increase 5.1 Mt by 2030, whereas
the technical potential of biomass power is estimated approximately at 0.4 and 0.6 GW, respectively,
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in 2017 and 2030. In Nepal, the surplus agricultural residue availability was estimated at 4.1 Mt
in 2017 is expected to increase 5.1 Mt by 2030, whereas the technical potential of biomass power is
estimated approximately at 0.5 and 0.6 GW, respectively, in 2017 and 2030. For Zambia, the surplus
agricultural residue availability was estimated at 2.6 Mt in 2017 is expected to increase about 4.2 Mt by
2030, whereas the technical potential of biomass power is estimated approximately at 0.3 and 0.5 GW,
respectively, in 2017 and 2030 as shown in Figure 11 (see Table S9b).
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Figure 10. Historical and projected economic potential of agricultural residues by crop in the
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Figure 11. Economic potential of agricultural residues for biomass power generation in the
selected LDCs: (a) Agricultural residue availability for energy applications, (b) Biomass power
generation potential.

The prevailing practices of using agricultural residues for alternative applications (fuel, fodder,
construction materials, cardboard industry, etc.) varied across the countries analyzed in this study.
Therefore, we have carried out a sensitivity analysis to show the impact of using different shares of
surplus agricultural residues on biomass availability for energy applications (Figure 12). As expected,
surplus biomass feedstock availability and associated bioelectricity potential are highly sensitive to the
collection, transportation, and storage losses, and other prevailing practices of agricultural residue
used for several end-use applications across the countries analyzed in this study.
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Figure 12. Impact of using different shares of surplus agricultural residues on biomass availability for
energy applications.

5. Electricity Supply and the Role of Bioelectricity for Meeting the SDG7

5.1. Technical and Economic Potential of Bioelectricity in the Selected LDCs

Using the input parameters and assumptions mentioned above (Section 4), Figure 13 presents
the technical and economic potential (in TWh) of electricity generation based on gross (technical) and
net (economic) agricultural residue availability in selected LDCs. Table S9c presents the technical and
economic potential of agricultural residues for bioelectricity in the selected LDCs.
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Figure 13. Technical and economic potential (in TWh) of electricity generation by surplus biomass
obtained from the agriculture sector in the selected LDCs analyzed in this study.

Table 4 presents the economic potential of biomass power (MW) and its contribution (% share)
in peak power demand of the selected LDCs. In Malawi, bioelectricity contributed around 92% of
the total installed capacity, followed by Nepal (30%), Bangladesh (24%), Lao-PDR (22%), Ethiopia
(21%), and Zambia (12%) in 2017 (see Table 4). Table 5 provides the economic potential of bioelectricity
(GWh) and its contribution to the total electricity demand of the selected LDCs. It is observed that
in the base year 2017, bioelectricity obtained from surplus agricultural residues provided 110% of
the total electricity demand in Malawi, followed by Nepal (45%), Bangladesh (29%), Lao-PDR (29%),
Ethiopia (27%), and Zambia (13%). As expected, the share of bioelectricity will decrease in the near
future primarily due to the rapidly increasing demand for electricity in the selected LDCs (see Table 5).
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Table 4. Total peak demand, biomass power potential, and its contribution (% share) in selected years.

Year
Total Peak Power (MW) Biomass Power Potential (MW) % Share of Biomass Power

Bangladesh Lao-PDR Nepal Ethiopia Malawi Zambia Bangladesh Laos Nepal Ethiopia Malawi Zambia Bangladesh Laos Nepal Ethiopia Malawi Zambia

2015 9036 1056 1292 2657 352 2504 2564 336 464 781 348 245 28.4 31.9 35.9 29.4 98.9 9.8
2016 9479 1349 1468 3156 388 2574 2513 341 478 770 323 265 26.5 25.3 32.5 24.4 83.1 10.3
2017 10,958 1608 1644 3748 427 2647 2634 347 491 799 394 311 24.0 21.6 29.9 21.3 92.3 11.8
2020 13,746 2723 2638 6279 571 2893 2879 385 519 907 461 351 20.9 14.1 19.7 14.4 80.8 12.1
2025 20,056 4395 4519 9989 925 3401 3196 465 562 1092 534 425 15.9 10.6 12.4 10.9 57.7 12.5
2030 29,264 5892 7542 14,372 1500 4066 3514 545 604 1277 607 499 12.0 9.3 8.0 8.9 40.5 12.3

Source: authors’ own estimates.

Table 5. Electricity demand, bioelectricity potential, and its contribution (% share) in the total electricity demand, selected years.

Year
Electricity Demand (GWh) Economic Potential of Bioelectricity (GWh) % share of Bioelectricity

Bangladesh Lao-PDR Nepal Ethiopia Malawi Zambia Bangladesh Laos Nepal Ethiopia Malawi Zambia Bangladesh Lao-PDRNepal Ethiopia Malawi Zambia

2015 52,193 5212 6335 14,637 1997 15,355 17,852 2306 3177 5438 2367 1614 34.2 44.2 50.1 37.2 118.5 10.5
2016 57,276 6789 6912 17,415 2208 15,784 17,501 2340 3267 5357 2187 1748 30.6 34.5 47.3 30.8 99.0 11.1
2017 62,678 8188 7490 20,720 2432 16,231 18,358 2378 3358 5567 2687 2069 29.3 29.0 44.8 26.9 110.5 12.7
2020 79,533 14,378 12,018 34,906 3249 17,740 20,092 2636 3553 6319 3154 2333 25.3 18.3 29.6 18.1 97.1 13.1
2025 118,288 24,057 20,585 53,132 5268 20,855 22,339 3182 3843 7618 3659 2829 18.9 13.2 18.7 14.3 69.5 13.6
2030 175,926 32,923 34,355 73,709 8541 24,933 24,588 3728 4132 8917 4165 3326 14.0 11.3 12.0 12.1 48.8 13.3

Source: authors’ own estimates.
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5.2. Achieving Universal Access to Electricity (SDG7.1) in the Rural Households in the LDCs

As mentioned above, access to electricity is critically important for economic development in
the LDCs. SDG7.1 (Indicator 7.1.1) aims to achieve affordable, reliable, and modern electricity access
at the household level by 2030 (see Table S3). Electricity consumption (kWh/capita) and HDI score
(development indicators) are proportionally related, i.e., higher electricity consumption leads to
the higher development and human welfare indicators [70,71]. Rural households in the LDCs lack
electricity access and it is important to provide basic electricity services. This should be affordable
since the households cannot spend a lot of their monthly expenditure on purchasing electricity [72].
The “Energy for All” initiative aims at providing electricity access at the initial level of 250 kWh
per rural household [72]. Brecha [70,71] argues that access to sufficient amounts of electricity is a
prerequisite for social well-being and proposes an electricity access threshold for meeting non-energy
SDGs at 400 kWh per capita, i.e., less than this average per capita threshold may lead to the poor
HDI score.

The World Bank developed a framework/matrix for measuring access to household supply [73]
and the UNDP recently reflected on how the electricity consumption is related to the SDG1, SDG3,
SDG4, SDG5 using the five tiers of access to electricity [74]. The first scenario or level of electricity
consumption would be “Tier 1,” i.e., lighting and phone charging. The indicative consumption of
electricity per household in the five tiers is presented in Table 6. If we consider lighting, phone charging,
television, and medium power appliances, the total annual electricity consumption per household
would be more than 365 kWh [73].

Table 6. Multi-tier matrix for household electricity consumption.

Particulars Tier 1 Tier 2 Tier 3 Tier 4 Tier 5

Tier Criteria Task lighting +
phone charging

Tier 1 +
Television +

Fan (if needed)

Tier 2 + any
medium-power

appliances

Tier 3 + any
high-power
appliances

Tier 4 + any very
high-power
appliances

Annual
consumption
levels (kWh)

≥4.5 ≥73 ≥365 ≥1250 ≥3000

Source: World Bank [73].

The average household size varies from 4–5 persons in the LDCs [75]. Table 7 provides the
number of rural households in the LDCs and bioelectricity available for domestic uses. The study finds
that bioelectricity can meet the Tier 3 electricity demand in the rural households (see Tables 6 and 7),
except in Ethiopia. Lao-PDR has the highest bioelectricity supply, i.e., 522 kWh/capita, which crosses
the 400 kWh threshold for meeting the SDGs, followed by Zambia (211 kWh/capita), Malawi (183
kWh/capita), Bangladesh (179 kWh/capita), Nepal (151 kWh/capita), and Ethiopia (66 kWh/capita).

Table 7. Bioelectricity availability for domestic (household) uses in rural areas in 2017.

Country
Rural Population Size of

Household
Number of Rural

Households (Thousand)
Bioelectricity

Potential (GWh)
Bioelectricity (kWh) *

(Million) % of Total Per Household Per Capita

Bangladesh 102.3 64.1 4.5 22,744 18,358 807 179
Lao-PDR 4.6 65.6 5.3 860 2378 2764 522

Nepal 22.3 80.7 4.4 5068 3358 663 151
Ethiopia 84.8 79.7 4.6 18,435 5567 302 66
Malawi 14.7 83.3 4.5 3271 2687 821 183
Zambia 9.8 57 5.1 1923 2069 1076 211

* Available for domestic and other productive uses. Source: Authors’ estimates.

5.3. Strengthening Interlinkages: Modern Bioenergy, SDG7, and Other SDGs

As mentioned above, low-income countries in SSA and Asia are predominantly using traditional
biomass in inefficient devices for cooking and heating purposes. Modern bioenergy has a potentially
positive impact on the fulfillment of the SDGs, ranging from SDG7 (increase share of RE) to SDG13
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(mitigation of climate change), SDG1 (no poverty) and SDG8 (on poverty and economic growth, e.g.,
by enhancing the competitiveness of agro-industries, thus contributing to job creation and social
welfare). It is important to discuss the interlinkages between modern bioenergy production and
targets of SDGs. Recently, Fritsche et al. [76] presented the interlinkages between the SDGs and
the Sustainability Indicators for Bioenergy (GSI). Souza et al. [77] highlighted the role of bioenergy
in a climate-changing world. Synergies on food security and bioenergy, improvement in resource
efficiency, and integrated assessment of bioenergy systems are needed for meeting the SDGs. IRENA
(International Renewable Energy Agency 2017) has highlighted the constructive role of bioenergy
in achieving the agreed UN SDGs and implementing the Paris Agreement on Climate Change [78].
This includes climate goals (SDG13), food security (SDG2), better land use (SDG15), and clean and
sustainable energy (SDG7). A holistic approach is required to evaluate the performance of bioenergy
supply chains for meeting SDGs, including energy and food security, and socio-economic development.

Rural electrification based on biomass power would greatly contribute to the welfare of rural
people. The implications are obviously lighting, (also TV and radio), education, health, productivity
increase, and environment [79]. Kerosene lamps are widely used for lighting the households in
low-income countries. Around 53% of the population still use kerosene or oil lamps for lighting
purposes in SSA (WHO, 2016) as there is no access to electricity. Small particulate matters (PM)
emissions would be emitted while burning the lamps and they are associated with severe indoor health
risks [80,81]. Lam et al. [82] observed that reductions to fine particulate matter (PM2.5) resulting from
reducing kerosene use for lighting in India could avert between 50 and 300 thousand adult DALYs
(Disability Adjusted Life Years Lost) in 2030. Bioelectricity can help replace kerosene lamps, thereby
improving indoor air quality and reducing associated health impacts and saving fossil fuel (kerosene).

When food systems are integrated with agricultural residues for energy production, there would
be an increase in agricultural productivity and income of small-scale food producers (SDG2.3).
As mentioned above, the open burning of agricultural residues would cause air pollution. Abandoned
biomass residues are collected and utilized in agro-industries, such as sugarcane industries or rice
mills, can help improve the competitiveness of agro-industries and the economic contribution of
the agriculture sector would increase. Thus, biomass power would contribute to improving the
productivity and incomes of small-scale food producers (SDG2.4).

If we use bioelectricity for productive use in SMEs (small and medium enterprises) or water
pumping or to electricity in schools and hospitals for displacing diesel/back-up generator, there would
be direct GHG savings in a range of 1.7 Mt (Lao-PDR) to 13.4 Mt (Bangladesh). Table 8 shows the
potential diesel substitution and GHG emissions mitigation potential in the selected LDCs. Modern
bioenergy contributes to reducing GHG emissions and brings added benefits [77]. Electricity supply
might also contribute in increasing the crop yields (agricultural productivity) by irrigating farmlands
using water-pumping schemes.

Table 8. Fuel savings and avoided global greenhouse gas (GHG) emissions from the substitution of
diesel power generation by bioelectricity.

Particulars Bangladesh Lao-PDR Nepal Ethiopia Malawi Zambia

Total bioelectricity
production (TWh) 18.4 2.4 3.4 5.6 2.7 2.1

Total diesel savings
(million liters) 5038 6536 922 1528 737 568

GHG emissions avoided
(million tonnes) 13.4 1.7 2.5 4.1 2.0 1.5

Source: Emission factor is taken from IPCC, 2006 [83].
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5.4. Bioelectricity: Complementarity with Hydropower and Synergy with Agro-Industries

Nepal has only harnessed around 1.3% (i.e., 1051 MW hydropower from the total potential
83,000 MW) hydropower potential mainly due to the high cost of constructing large power plants,
the scattered population in rural areas, and associated grid extension costs in remote and mountainous
topography [84]. Therefore, distributed or isolated electricity systems such as small micro-hydro,
solar, and bio-power (electricity from biomass) might be one of the reliable alternative options for
rural electrification. The Government of Nepal (GoN) has enacted policy instruments (subsidies and
tax benefits) to promote the RE (especially micro-hydro and solar photovoltaic systems) which has
provided electricity to more than 12% of the country’s population [42]. Most of the hydropower
plants in Nepal are of run-of-rivers types [28,43]. This means that the water flow varies significantly
between the wet and dry seasons. Therefore, electricity generation fluctuates and is highly seasonal.
In the past, Nepal has faced an extended load-shedding [19], resulting in negative implications for
economic development in the country. It is important to complement hydroelectricity by other sources
of electricity. This not only helps to reduce the cost of electricity infrastructure but also to reduce the
electricity imports and promote the rural development. Nepal has also planned to generate 220 MW of
electricity from bioenergy by 2030 in its first NDC (Nationally Determined Contribution) report [85].

In Zambia, electricity generation has not increased in the last three years [41], mainly due to less
water flows in rivers, leading to negative consequences on the nation’s economic growth. The country
also imports electricity from the neighboring countries (such as Mozambique and South Africa)
depending upon the availability of water in rivers. For example, the country has imported 1391 GWh
electricity in 2016 [41]. As mentioned earlier, Zambia’s electricity supply is dominated by hydropower.
Recently, Zambia has experienced an extended load-shedding (power-cuts) in the country, reducing its
electricity consumption by 30% in 2015 [47]. This is mainly due to low water levels in reservoirs and
declining water flows in rivers [46]. Thus, it is important to diversify electricity generation capacity for
sustaining the current level of economic growth in order to meet SDGs.

In Malawi, electricity generation output reduced to 150 MW in December 2017, due to less
water flow in the river, with more than two times reduction compared to its installed capacity [51].
This is to mention that 98% of this electricity comes from hydropower plants installed along the
Shire River [45]. The installed capacity for electricity generation is lower than the demand. Thus,
biomass-based electricity could enhance the security of electricity supply in Malawi. Furthermore,
the household or domestic sector consumes a large amount of electricity and peak demand occurs in
the morning and evening. For example, in Zambia the highest power demand (peak demand) happens
between 7:00–10:00 a.m. and 4:00–9:00 p.m. [52]. Therefore, bioelectricity from agriculture residues can
contribute to both baseload and peak-load power in the LDCs.

How much biomass power can contribute to meeting the existing domestic consumption and
saving the import of electricity from the neighboring countries? Bioelectricity could cover 57% of
the domestic energy consumption in Bangladesh, 90% in Ethiopia, and 43% in Zambia. Interestingly,
bioelectricity is more than the domestic demand in Nepal, Lao-PDR, and Malawi (Table 9). On the
other hand, imported electricity can be fully substituted by bioelectricity in Bangladesh, Lao-PDR,
and Nepal.
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Table 9. Domestic energy consumption, imports, and bioelectricity potential (TWh)*.

Country Domestic Energy
Consumption (TWh)

Electricity
Imports (TWh)

Bioelectricity
Potential (TWh) Reference Year

Bangladesh 29.1 4.8 18.4 2017
Lao-PDR 1.6 0.8 2.3 2015

Nepal 1.8 2.2 3.4 2017
Ethiopia 5.8 - 5.4 2016
Malawi 0.9 - 2.2 2016
Zambia 4.4 2.2 1.8 2016

* Note: Domestic energy consumption and electricity imports are obtained from [48] for Bangladesh; [9] for Lao-PDR;
[43] for Nepal, and [41] for Ethiopia, Malawi, and Zambia.

Electricity production from agricultural residues would help in improving the economic
competitiveness of agro-industries such as sugarcane mills and rice mills. Surplus electricity from
the mills can be sold to the grid. This needs high attention from policymakers since agricultural
productivity has been stagnating in many other developing countries and the sector’s contribution to
GDP is decreasing across the LDCs analyzed in this study.

5.5. Realizing the Bioelectricity Potential—A Way Forward

There are several technologies for energy generation from biomass [19,65,86–89], mainly
combustion (heat and power plants) and gasification (gasifier coupled with gas or diesel engine).
Biomass combustion is a widely used technology for power generation from agricultural residues
and biomass co-products [19]. Recently, electricity from biomass gasification has fast emerged for
rural electrification using agricultural residues in developing countries [87]. Rice- and straw-based
biomass power plants can be integrated with other electricity sources and the utility grid [90]. A few
novel technologies on efficient conversion of biomass are being investigated [91], which may help in
diversifying the energy systems using different pathways.

Biomass gasification generates producer gas (a mixture of combustible gas) which can be later
combusted in a diesel engine (in dual mode) or cent percent (100%) gas engines for producing electricity.
Thus, it is suitable for distributed or off-grid power for rural areas. We need to scrutinize several factors
such as the price of biomass, investments, logistics costs, electricity price, environmental constraints,
and regulatory uncertainties for making the biomass gasifiers cost-competitive [89,90,92,93].

Despite government policies on modernizing bioenergy in the LDCs, there is a lack of investments
in biomass power projects. Therefore, governments should make efforts towards creating a favorable
environment for electricity generation from agricultural residues, ranging from policy frameworks,
financing, and business models. The utilization of agricultural residues for decentralized power
generation could also provide financial incentives to the farmers if the pricing system for agricultural
biomass is well designed. The involvement of local agencies and stakeholders (farmers, agro-industries,
and investors) is also important in a successful implementation of efficient biomass power technologies.
A synergetic approach with other sectors of the economy such as agriculture and industry would help
in mobilizing the stakeholders and resources, especially investments.

6. Conclusions

Least Developed Countries (LDCs) still do not have full access to modern energy services
(electricity and clean cooking fuel), especially in rural areas. The utilization of conservative and
environmentally benign amounts of only 20% of surplus agricultural residues for bioelectricity could
help complement the grid regarding baseload electricity supply as well as provision of the service to
rural households via decentralized systems in developing countries. Bioelectricity can provide power
to small and medium enterprises (e.g., agro-industries) and help in modernizing agricultural systems
such as irrigation and tillage operation, thereby improving the agricultural yield.
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Modern bioenergy would help in creating synergies with other sectors of the economy such as
agriculture, industry, and rural development. The productive uses of bioelectricity in agro-industries
can substitute backup fossil-based generators. Based on findings, surplus agricultural residues could
provide the total current electricity demand in Malawi alone, followed by Nepal (45%), Bangladesh
(29%), Lao-PDR (29%), Ethiopia (27%), and Zambia (13%). This study also explores the complementarity
and synergies of bioelectricity, SDG7, and their interlinkages with other SDGs. Bioelectricity could
potentially improve ambient air quality and improve public health (SDG3) and reduce GHG emissions
(SDG13) as well. It is recommended that the transition to bioelectricity needs to be planned together
with investment plans, infrastructure, linkages with other sustainable development goals (SDGs),
and engagement with relevant stakeholders (investors and policymakers). The established positive
link with the other SDGs would help expedite the process of transitions towards the effective use of
bioelectricity in the LDCs.

Technologies for biomass to bioelectricity conversion are mature. As part of the global climate
agenda for reducing GHG emissions, promotion of sustainable RE technologies, and universal access to
electricity, international cooperation might be sought to attract financing for a successful implementation
of bioelectricity projects. This will help promote clean electricity using local indigenous resources.
Hence, the management of biomass logistics and financing options should be further explored while
harnessing the bioelectricity potential. A systems approach in policy design and close cooperation
with public and private sectors is needed together with the engagement of farmers and communities
in energy planning at the local level. Therefore, bioelectricity holds the potential to provide a catalytic
role in mobilizing efforts to create a new impulse in national economies in the studied LDCs and other
developing countries.
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