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Preface

In many countries of the Global South, energy infrastructure is holey, unreliable
or simply not existent. This leads to different kinds of severe problems. Just to
name a few: Family members, mostly women, spend hours every day to collect
firewood for cooking. In many cases, they suffer under pulmonary diseases, be-
cause they have no access to clean cooking facilities. And companies are less
productive without access to electricity. This present edition of Studies in Infra-
structure and Resources Management looks at two different energy access scale-
up projects in the sub-Saharan countries Nigeria and Senegal.

It is key that people can build their existence on energy access, as this positively
impacts so many aspects of life. It is for this reason that the United Nations have
stated “Ensure access to affordable, reliable, sustainable and modern energy for
all” as a central Sustainable Development Goal in the year 2015.

Students of the Joint International Master on Sustainable Development worked
on this topic and on different energy access scale-up projects during their third
semester at Leipzig University. In this semester, students are requested to work
on an “integration project”: integrating various aspects of sustainable develop-
ment in a particular case study. The class of 2017 approached energy access from
the interdisciplinary perspective of sustainable development, anchored however
in the field of Economics and Management Science to ensure feasibility of their
work. We are pleased to present some of their work on off grid energy systems
and biogas technology implementation.

Yvonne Ayaribil, Daria Bykova, Georgi Kazandzhiev and Fernandina Celine
Setiawan analysed different off-grid renewable electricity generation systems
and assessed different technical options. With the help of the energy system
simulation software HOMER and multi criteria decision analysis, they very
systematically work out pros and cons of different technical setups for a rural
community in Nigeria.

Furthermore, Julia Kostin, Marie Strauss and Nika Tavc¢ar analysed different past
biogas implementation projects and discussed this topic with different specialists
in the field. Based on this, they are able to deviate different Key Success Factors
for biogas implementation projects. The result of their work is a detailed and
tailor made biogas implementation plan for a rural community in Senegal.

Justified by the significant level of detail and corresponding depth in the work of
the authors, we highly recommend practitioners and scientists in the field of en-
ergy access scale-up to read these contributions.

Dr. Mart Verhoog Prof. Dr. Robert Holldnder
February 2019, Leipzig
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Abstract

Up to this time, the majority of the Nigerian population inhabits the rural areas
and do not have access to electricity. The aim of this paper is to recommend an
off-grid renewable electricity generation system that is economically, socially
and environmentally appropriate for the rural population of the State of Sokoto,
using HOMER Pro software and Analytic Hierarchy Process (AHP).
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1 Introduction

Throughout the last decades, the different paces of socio-economic development
engendered the North-South divide. Universally, low-income population has be-
come an unattractive and neglected market category. The negligence is due to the
significant role of money, in a society where financial well-being was the engine
of progress and solution to all problems. This led to the non-perceived importance
of the portion of the population that did not possess “enough” financial wealth.
In the eyes of profit-seeking companies, customers from developed countries are
the target group generating financial gains, leaving the economic development of
countries of the South even further behind and dependent on the acts of benevo-
lent NGOs.

In the era of globalization, the situation has drastically changed specifically for
the poorest of the poor who have become an enticing target market. Prior to the
beginning of the new millennium, researches and business players completely
disregarded the economic potentials of the bottom of pyramid (BOP). Prahalad,
an Indian economist, was the first one to focus on studying the BOP. He analyzed
new tendencies in global markets and emphasized underestimated role of people
living in the bottom, as potential consumers. Prahalad concluded that poor people
represent vast and promising segment for companies willing to expand into new
markets [PRA2002].

Even though Prahalad concentrated his research mostly on market strategies and
new ways of running a business, his theory was widely disseminated throughout
different disciplines. Prahalad and Hart [2002] pointed out the importance of peo-
ple living in the bottom of the pyramid and the role they can play in solving global
problems because of its sheer volume, the BOP market has a massive potential.
Investments in those markets would potentially bridge rich and poor and narrow
the gap between developed and developing countries. This allegation is based on
the idea that exploration of low income markets leads to the generation of profit
for the companies and the economic growth of the poor population, or in short, a
win-win situation for both sides. Undoubtedly, further and deeper studies on the
BOP are needed, however, Prahalad’s concept revealed the potentials low strata
and provided a different angle to the BOP issue [CON2007].

The Financial Times [2014] gave the general definition to BOP:

The Bottom of the Pyramid (BOP) is a socio-economic concept that
allows us to group that vast segment - in excess of about four billion
- of the world’s poorest citizens constituting an invisible and un-
served market blocked by challenging barriers that prevent them
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from realizing their human potential for their own benefit, those of
their families, and that of society's at large (para 1).

According to the statistics provided by Confederation of Danish Industries, 4 bil-
lion people around the globe live on less than US$ 2 per day. The low-income
market constitutes the majority of the consumers in the countries from Sub-Sa-
haran Africa and Asia, and covers parts of Latin America, Eastern Europe and
the Caribbean region. Despite the fact that 2.86 billion or 83 % of the Asian pop-
ulation lives under the poverty line, this fraction stays relatively low in respect to
the proportion in Sub-Saharan Africa where 95 %, i.e. 486 million of the people,
live in poverty [HAM2007]. Sub-Saharan Africa was the only region among all
other developing regions that showed negative performance trend. This down-
ward trend is indicated by the dramatically increasing number of poor people in
the last three decades, from 205 million in 1981 to 414 million [WOR2010].

One of the ways to break people out of the poverty box is electrification, an es-
sential phase of any modern civilization. Despite the large number of people
without access to electricity, many see it as one of the basic human rights. For
this reason, electrification of poor regions can be assumed as the first step towards
poverty eradication. The proportion of poor people is concurrent with the lack of
electricity access and in Africa this is remarkably high. More than 600 million
people, most of whom live in Sub-Saharan regions have no access to electricity.
All this information shows that Sub-Saharan Africa is the region that deserves
the most attention. That is the reason why the main objective of this paper, is to
sustainably provide electricity to the region.

It is, however, unrealistic to cover the entire region of Sub-Saharan Africa in the
scope of a single study. Therefore, a preliminary research was conducted in order
to narrow down the selection to one country. All 48 Sub-Saharan African coun-
tries were analyzed. A table of relevant information i.e. population size, percent-
age of population with and without access to electricity and market size was cre-
ated. The first elimination criterion was market size that represents the absolute
number of inhabitants in the country who do not have access to electricity. Sub-
sequently, four countries with the biggest market sizes i.e. Tanzania, Nigeria,
Ethiopia and Democratic Republic of Congo were selected for a more profound
analysis. Table 1 provides a detailed overview on countries’ parameters.

16
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Table 1: Population in African countries with and without electricity access [WOR2016]

Population Access to elec- | Without access to | Market size
No Country (lﬂillion) tricity (% of electricity (% of electricity
population) population) (million)
1 Angola 28.813 32.0% 68.0 % 19.593
2 Benin 10.872 34.1% 65.9 % 7.165
3 Botswana 2.25 56.5 % 43.5% 0.979
4 Burkina Faso 18.646 19.2 % 80.8 % 15.066
5 Burundi 10.524 7.0 % 93.0 % 9.787
6 Cabo Verde 0.54 90.2 % 9.8 % 0.053
7 Cameroon 23.439 56.8 % 432 % 10.126
8 Central African Republic 4.595 123 % 87.7% 4.028
9 Chad 14.453 8.0 % 92.0 % 13.294
10 Comoros 0.796 73.8% 26.2 % 0.209
11 Congo, Dem. Rep. 78.736 13.5% 86.5 % 68.107
12 Congo, Rep. 5.126 432 % 56.8 % 2914
13 Cote d'Ivoire 23.696 61.9 % 38.1 % 9.028
14 Equatorial Guinea 1.222 67.6 % 324 % 0.396
15 Eritrea 4.475 45.8 % 542 % 2.424
16 Ethiopia 102.403 272 % 72.8% 74.549
17 Gabon 1.98 89.5% 10.5 % 0.208
18 Gambia 2.038 472 % 52.8% 1.076
19 Ghana 28.207 783 % 21.7% 6.121
20 Guinea 12.396 27.6 % 72.4 % 8.970
21 Guinea-Bissau 1.816 172 % 82.8% 1.504
22 Kenya 48.462 36.0 % 64.0 % 31.016
23 Lesotho 2.204 27.8% 722 % 1.591
24 Liberia 4.614 9.1% 90.9 % 4.192
25 Madagascar 24.896 16.8 % 832 % 20.708
g
26 Malawi 18.092 11.9% 88.1% 15.939

17
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(Continuation of Table 1)

27 Mali 17.995 273 % 72.7 % 13.084
28 Mauritania 4.301 38.8% 61.2% 2.632
29 Mauritius 1.263 99.2 % 0.8 % 0.010
30 Mozambique 28.829 212 % 78.8 % 22.711
31 Namibia 2.48 49.6 % 50.4 % 1.251
32 Niger 20.673 14.3 % 85.7% 17.715
33 Nigeria 185.99 57.7% 42.4 % 78.767
34 Rwanda 11.918 19.8 % 80.2 % 9.558
35 Sao Tome and Principe 0.2 68.6 % 314 % 0.063
36 Senegal 15.412 61.0 % 39.0 % 6.011
37 Seychelles 0.095 99.5 % 0.5% 0.000
38 Sierra Leone 7.396 13.1 % 86.9 % 6.427
39 Somalia 14.318 19.1 % 80.9 % 11.589
40 South Africa 55.909 86.0 % 14.0 % 7.827
41 South Sudan 12.231 45 % 95.5% 11.677
42 Sudan 39.579 44.9 % 55.1% 21.808
43 Swaziland 1.343 65.0 % 35.0 % 0.470
44 Tanzania 55.572 15.5% 84.5 % 46.958
45 Togo 7.607 45.7 % 54.3 % 4.131
46 Uganda 41.488 20.4 % 79.6 % 33.024
47 Zambia 16.591 279 % 72.1% 11.962
48 Zimbabwe 16.15 323 % 67.7 % 10.934

Among the four countries with the worst electrification rates in comparison to
the population and electricity market size, as displayed in the Table 1, Nigeria
was the most compelling choice. First, Nigeria’s market size, consisting of people
without electricity access proves to be the highest number in comparison with
other states, more than 78 %. However, it is worth pointing out, that half of Ni-
gerian population with access to electricity suffer from power outages and inef-
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ficient use of existing on-grid and off-grid lines [ISM2012]. The discrepancy be-
tween the claimed electricity generation capacity and the actual generated and
distributed electricity is one of the drivers for selecting Nigeria as this paper’s
focus country over the other three countries.

Analysis from the World Bank [2017] shows that the average annual per capita
electricity consumption of Nigeria (147 kWh) is one fifth of that of an average
low middle-income country consumption (736 kWh) and one twentieth of the
global average consumption (3,298 kWh). The bank also states that in order to
achieve universal access to electricity by 2030, Nigeria would need to connect
between 500,000 to 800,000 households per year and add around 25 GW to its
actual operating capacity. The majority of the unserved people live in rural areas
and do not have access to electricity. Therefore, both grid and off-grid extensions
are needed to provide quality services to the unserved and underserved house-
holds and businesses in a timely manner.

Another reason why this contribution focuses on Nigeria is because of its infa-
mous resource curse phenomenon. This country is vastly endowed with natural
resources, i.e. oil and gas and yet it is still one of the poorest nations in the world
[MOB2014].

Nigeria is a diverse nation in terms of urbanization and development level and
the distinction is palpable. According to the statistics [GIZ2015], the South of
Nigeria, and especially the State of Lagos, is characterized by a high rate of ur-
banization. Since the main purpose of this contribution is to electrify BOP rural
areas, remoteness from cities and on-grid lines was one of the selection criteria.
Consequently, only the Northern part of the country was further analyzed. To
make the case of renewable energy project stronger, this part of the country is
marked by high solar radiation potential (25.2 MIJ/m?/day, while it is 12
MJ/m?/day in the South) and relatively high wind velocity [GIZ2015].

However, the terrorist attacks and present activities by Boko Haram on the North-
Eastern Nigeria render that region too hostile for any projects. Thus, this contri-
bution focuses primarily on the Northwestern region. As a result, Sokoto State in
north Nigeria, the most populous and most corrupt state, was selected for this
research. Because of all the aforementioned reasons, the aim of this research is
to identify the most appropriate renewable technology for providing electricity to
the people from the bottom of the pyramid in rural area of Sokoto state. This
work, therefore, addresses the following research question:

Considering the renewable energy potentials, which of the following:

1. Diesel generator energy system

2. Solar PV module with Lead Acid battery storage (PV/LAB)
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3. Solar PV module with Lithium-ion battery storage (PV/Li-ion)

4. Hybrid Solar PV module-Diesel generator with Lead acid battery storage
(PV-Diesel/LAB)

5. Hybrid Solar PV module-Diesel generator with Lithium-ion battery sto-
rage (PV-Diesel/Li-ion)

6. Wind turbine with Lead Acid battery storage (Wind/LAB)
7. Wind turbine with Lithium-ion battery storage (Wind/Li-ion)

would be the most suitable system for the electrification of a model village in
Sokoto state, Nigeria?

In order to answer the research questions, this work applies the following scien-
tific methods:

e Literature review

e Village modelling

e HOMER Pro calculation
e AHP analysis

Section 2 of this contribution consists of a literature review, which provides an
overview on current geographical, political, economic and social situation in Ni-
geria and Sokoto state. Section 3 defines the methodology and its details. Village
profile and load, as well as the results from HOMER Pro calculation and AHP
analysis can be found in Section 4. The results of the scores and a few other
elements will be discussed in Section 5. This contribution will end with some
limitations and shortcomings of our findings.
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2 Literature Review

To review the most promising literature for the topic of this contribution, the
following literature approach was used. An initial literature research was con-
ducted to obtain literature on the political and socio-economic background of Ni-
geria and the State of Sokoto, as well as the off-grid energy systems and their
financial, social and environmental parameters. With this, keywords were de-
fined and used to search databases (e.g. Elsevier) systematically.! To gain access
to secondary data, a more explorative literature review was conducted. This data
collection process considered literature found on the Internet, which included
case studies, project assessments and other publications in the fields of research.

2.1  Background of Nigeria

2.1.1 Geographical and demographical overview

Nigeria is well known as the largest African oil producer. The following para-
graphs will give an insight on the geographical and demographical characteris-
tics, on the energy potentials, and the current political and economic situation in
the country.

Geographical aspects

Nigeria is the 14th largest country in Africa with a total area of 917,434 km?.
This area is divided into plains and highlands by two main rivers i.e. the Niger
and the Benue. Most of the country’s territory is 600 meters above sea level. The
climate is mostly tropical with annual average temperatures above 25 °C. How-
ever, there are climatic differences within the country. For instance, northern part
is dry and hot with limited precipitation and high annual temperatures, whereas
the southeastern part and the coastal territory are typically wet [GIZ2015].

Nature has endowed Nigeria with large deposits of mineral resources, such as
non-ferrous ores and rare metal ores reserves, especially oil [MOB2014]. Ac-
cording to the data from OPEC [2016], Nigeria crude oil reserves stand at about
37 million barrels and proven natural gas reserves are at about 5.5 billion m?>.
Mining activities are mainly concentrated within the Gulf of Guinea oil and gas
basin.

! Keywords included Nigeria, Sokoto State, off-grid electrification, battery storage, hybrid sys-
tems, etc. As the investigated technologies are rather new and rapidly evolving, the search range
was limited to the past decade (2007 - 2017). Additionally, the search on Nigerian background,
climatic conditions and AHP methodology was expanded to years prior to 2007.
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Demography

Nigeria, like many other countries in Sub-Saharan Africa where fertility rate re-
mains high, currently faces a population explosion. Since 1960 there has been a
stable population growth of around 2.6 % annually. As a result, Nigeria is the
seventh most populous country in the world with 190.9 million people in total in
total [WOR2015]. According to the last United Nations Report [2017], the pro-
jected population number of Nigeria will overtake that of the United States and
would become the third largest country in the world by 2050 with more than 400
million. The population density is approximately 200 per km?, the exact amount
varies in different sources. However, population distribution throughout the
country is highly uneven. In urban coastal areas, where business activities take
place, the number of inhabitants is very high. For instance, the population in La-
gos is more than 17 million people, whereas most of cities on the north are only
half the size [GIZ2015].

As Nigeria’s age pyramid is expansive, it is worth noting that the dependency
ratio is high. Children younger than 14 years of age, constitute more than 43 %
of the total population. In terms of sex distribution, there is an almost equal num-
ber of men and women in population structure. However, their life expectancy is
low - 53 for men and 55 years for women [UNI2017].

Nigeria Population Pyramid
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Figure 1: Nigeria Population Pyramid [NIG2016]

The majority of people inhabiting the northern and the southwestern part of Ni-
geria adhere to Islam while the people in other states practice either Christianity
or traditional beliefs. However, the latest research from the Pew Research Center
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[2017] in 2010 has shown a significant increase in the Christian share among
Nigerians - more than 50 % are Christians now.

Renewable Energy Potential aspects

Renewable energy is the energy which is produced using natural resources that
are constantly replaced and never run out (RENn.d.-b]. This could be solar irra-
diance, hydropower, geothermal heat, wind, waves or tides. In the present time,
more countries apply to renewable energy in the light of natural resources deple-
tion. According to Oyewo, Aghahosseini & Breyer, scientists from the Finnish
Lappeenranta University [2017], the energy sector in Nigeria could shift to 100 %
renewable energy by 2050. The assessment shows there has been a stable growth
in total renewable energy generation projects, rising to 2062MW in 2016.

e Hydropower utilizes generated energy between water level differences.
Nigeria has a high potential for this form of energy which however re-
mains unexploited. Undoubtedly, hydropower capacity varies from year
to year and depends on precipitation level. The main river in the country
i.e. Niger is abundant in rapids and waterfalls. Thus, the river is appropri-
ate for constructing dams e.g. Kainji dam [BRI12017]. Hydropower poten-
tial of other small rivers, such as Gaha, Sokoto and others can be further
utilized [OHU2011].

e Wind creates energy from the movement of air, which can be used to turn
the blades of wind turbines, that subsequently drives electrical generators
to produce electricity [UDO2017]. Preliminary studies reveal that wind
potential in Nigeria varies from north to south. On the coastal area, it is
relatively low in comparison with northern states. In Sokoto state, the av-
erage wind speed can reach up to 5 m/s while in Lagos, it could be as low
as 2 m/s [SHA2014].

e Biomass is organic material that comes from plants and animals. There
are different types of biomass e.g. crops, garbage, wood and others. In
order to produce energy, biomass goes through combustion process and
releases heat [EIA2017]. Based on the availability of cattle and livestock,
and crop residue, Nigeria’s potential is promising. According to Garba
and Bashir [2002], the country has approximately 800 MJ biomass re-
sources.

e Solar power is a renewable resource that utilizes solar radiation to pro-
duce energy. Due to the uneven distribution of radiation on the Earth,
solar power plants are only economically viable in places with a suf-
fucient number of sunny days. The amount of solar radiation depends on
the angle of incidence of sunlight and transparency of atmosphere. Con-
sequently, there is a zonal character of solar radiation distribution, that
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depends on the distance from the equatorial line. Nigeria is located in the
equatorial region and receives around 5.08 x 10'2 kWh annually
[IRE2017]. The number fluctuates from the northern states where it is
high to the southern states. On average, the length of the daylight is ap-
proximately 6.25 hours [MUH2012].

2.1.2 Political background

The origin of the Nigerian state dates back to 1900 when the British government
took over the administration of the Niger Coast Protectorate that was previously
under chartered company rule and formed the protectorates of Northern and
Southern Nigeria. In 1914, the British government amalgamated both protec-
torates to formally establish the colonial state of Nigeria. The state attained inde-
pendence from Great Britain in October 1960. The following decades were
marked by increasing ethnic and regional tensions, resulting in armed conflicts,
army interventions, coups and military-led governments [IBH2008]. Further-
more, the presence of more than 300 ethnic groups and more than 400 different
languages and dialects reinforce cultural frictions within the country [AGB2001].
The national elections of 1999 and the adoption of the current constitution gave
a start to the transition from military to civilian rule [PIE2016]. Under the coun-
try’s organic law, Nigeria is a federal republic comprising of 36 states (Nigeria
Const. Art. I, § 3). The legal system of the country is based on customary law,
Islamic law in the northern part, and English common law [INT1999].

The forming process of a single Nigerian nation was fraught with many chal-
lenges most significant of which were the cultural and religious differences be-
tween the predominantly Muslim North and the Christian South. Throughout the
years, the north-south gap has further widened with the South concentrating the
sources of natural resources and the other means of production and becoming a
center of socioeconomic development [KHA2015]. In contrast, the North saw the
rise of radical Islam culminating in the emergence of Boko Haram. The organi-
zation’s overriding goal is to overthrow the Nigerian government and to create
an Islamic state under the supreme law of Sharia. The violent activities of the
Islamic group have imperiled socioeconomic and political development and eq-
uitable distribution of democracy in the northern states [AGB2014].

The relationship between democracy, good governance and the access to
electricity

In contrast to the improvement, since the beginning of the 21* century and to the
country’s actual wealth, poverty is still widespread and inequality between rich
and poor is extreme. Due to weak state institutions and high levels of corruption,
governments are unable to deliver prosperity to their citizens. As of 2016, Nigeria
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ranks poorly in the EIU’s Democracy Index report [2016] and is moreover per-
ceived as one of the most corrupt countries according to the Transparency Inter-
national’s annual survey [2016]. Michael Ross, a professor of political science
from the University of California, states that “Nigeria offers an archetypal exam-
ple of the “paradox of oil” by which vast oil wealth begets extravagant corrup-
tion, deep poverty, polarized income distributions, and poor economic perfor-
mance” [LUB2007, p. 2]. The economy depends heavily on the oil and gas sec-
tors, accounting for over 85 % of the Nation's gross domestic product (GDP),
over 95 % of the Federal budget, and over 80 % of the national wealth
[EBE2013].

Despite the large oil and gas deposits, 43 % or nearly 79 million of people in
Nigeria’s population lack access to electricity [WOB2014]. Agbiboa [2011], Ahl-
borg, Boraeng, Jagers and Soederhorm [2015] and Trotter [2016] research the
positive correlation between state of democracy and rural electrification in Nige-
ria and other Sub-Saharan countries. Democratization processes and good gov-
ernance tend to significantly contribute to rural electrification development. It is
observed that the presence of democratic institutions — through which country’s
leaders are held accountable to the citizens — create a strong incentive among
leaders to prioritize actions on those public goods where their executive effort
can be clearly connected to actual benefits on the ground. On the contrary, by
autocratic regimes, where the government executes tight control over the popu-
lation, and in countries with poor governance - characterized by corruption, pat-
ronage and clientelistic practices, the incentive among leaders to accelerate rural
electrification development decreases.

2.1.3 Economy

In the economic context, the use of GDP growth rate is highly applicable to meas-
ure the well-being and growth of a nation. Unlike its Sub-Saharan counterparts,
Nigeria has been showing a fluctuating GDP growth rate in the past five decades,
reaching -17.55 % at its lowest in 1967 and 30.36 % at its peak in 2004
[WORn.d.-b]. In the last two years, the downward trend continues with a national
real GDP growth rate of -1.58 % in 2016 [NAT2017a]. The galloping annual
inflation rate, with the most recent being 15.91 % [REU2017] exacerbates further
the impacts of negative growth. As a result, households react by decreasing their
consumption by 5.71 % in real terms from 2014 to 2015 [NBS2016].

In spite of the unfavorable economic trends, Nigeria remains the biggest econ-
omy in the African continent in terms of GDP, followed by Egypt and South
Africa [ROB2017]. This situation is attributable to the crude oil production that
started in 1956 when Nigeria’s oil reserves were first discovered [WAL2009].

25



Ayaribil, Bykova, Kazandzhiev, Setiawan

The discovery marked Nigeria’s over-dependence on crude oil production iden-
tified by many as a case of Dutch Disease. In 2016, Nigeria produces 1.43 million
barrels of crude oil per day [FAN2017], most of which are going towards expor-
tation, accounting 77 % of the total export figures [MIT2017]. However, the
downward spiral of crude oil production due to recurring pipeline vandalism and
plummeting world oil price are urging the government to support the develop-
ment of other sectors [IMF2015].

In addition to the resource curse crisis, the high GDP also comes with a caveat in
terms of the population’s actual financial welfare. In the last 23 years, Nigeria
has registered 35 million more people living under the extreme poverty line i.e.
USS$ 1.90 per day [KAZ2017]. A report by Legatum Institute [2016] explores the
gap between national wealth and people’s prosperity and it assesses Nigeria’s
situation and classifies it as “under-delivering”. Its latest GDP per capita (Octo-
ber 2017) amounts to US$ 2,090, a relatively derisory number compared to
world’s developing countries average of US$ 4,960 [IMF2017]. Further, there is
the usual issue of income distribution among households, illustrated by Gini in-
dex. Nigeria scores 48.8 % out of 100 %, where 100 % signifies a perfect ine-
quality. As a comparison, Sweden and South Africa have an index score of
21.5 % and 62.5 %, respectively [CIA2017].

The sheer complexity of all mentioned issues is perpetuatingly the poverty trap.
Education system and unemployment are among the trap factors. According to
National Bureau of Statistics [2017b], in late 2016, there are approximately 81.15
million people in the labor force population i.e. 15-64 years old. Among them,
11.55 million find themselves in unemployment, nearly a 7 million increase
within two years.

In order to get away from the deteriorating trend, the Nigerian Government holds
the total discretion. There are multiple studies that demonstrate the relatedness of
elements, such as the inflation rate and unemployment. While the traditional Phil-
lips curve cannot explain Nigerian condition, a study by Idenyi, Favour, Johnson
and Thomas [2017] suggests that a Government increasing its expenditure would
drive the employment rate up. However, this must be done while maintaining an
inflation rate lower than 10 %. Another obvious correlation is the one between
human capital quality and unemployment. Riddell and Song [2011] find that ed-
ucation has positive impacts on one’s chances to get re-employed in the US. A
study on EU countries labor markets yields a similar conclusion, regardless of
each country’s specificities [SNI2015]. Nigeria’s overall education scene is con-
cerning, even for the most basic level i.e. primary school that is a part of nine-
year compulsory education. UNICEF [2013] statistical data from 2008-2012 in-
dicates that the net enrolment ratio in primary schools is 60.1 % and 54.8 % for
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boys and girls, respectively. Further, the problem not only lies in the quantity,
but also in the quality of educational institutions.

Investment climate

In the era of globalized and open market, the macroeconomic health of a nation
depends on external actors as much as it depends on how the internal actors fare.
The degree of openness of a market through the enactments of foreign and do-
mestic investment policies has direct consequences on the economy. The Nige-
rian Government initiated its efforts with firstly the Structural Adjustment Pro-
gramme of 1986, followed by the 1993 Privatization and Commercialization Act
and 1999 Public Enterprises Promotion and Commercialization Act. This en-
deavor was carried out through the National Economic Empowerment and De-
velopment Strategy (NEEDS) in 2003 and the recent Nigeria Vision 20:2020
where Nigeria strives to alleviate its dependence on oil sector. As a result of these
chains of investment encouragements, foreign direct investments (FDI) flow
grew from USD 2 billion in 2002 to USD 5 billion in 2004. FDI net inflows
reached its highest point in 2011 at USD 8.8 billion and went down thereafter to
USD 4.4 billion in 2016 [WORn.d.-a].

The renewable energy sector benefited tremendously from the liberalization
movement with the creation of Renewable Energy Programme under the Ministry
of Environment. Alongside Nigeria Investment Promotion Commission, it pro-
vides investment incentives to boost investment inflows. The incentives include
the 30 % companies’ income tax, the tax deductibility of Research and Develop-
ment (R&D) expenses incurred in Nigeria, capital allowances and two percent
tax concession for in-plant training facilities. A 100 % tax holiday for seven years
is also granted for a project situated in economically disadvantaged Local Gov-
ernment Area (LGA). Further, projects that absorb a lot of workforce are entitled
to tax concessions. This list of incentives is not exhaustive; however, it suffices
to show the proactivity of Nigeria in creating investment-friendly conditions
[RENn.d.-a]. Despite of the convincing incentives, World Bank survey indicates
that conducting business in Nigeria is challenging as it is ranked 169 in 2016.
The indicators of this survey are construction permits, electricity access, and reg-
istration of property, taxes and cross border trades, among others [FOR2017].

2.1.4 Policy and Regulatory Framework

Energy production, supply and demand have been through a challenging past in
Nigeria. The national power utility has not been able to produce sufficient power
for Nigerians and the supply—demand imbalance has tilted in a way that favors
and promotes self-production through the use of fossil fuels and traditional bio-
mass. Citizens in the rural areas have been worst hit. They mostly depend on
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fuelwood for energy and this encourages deforestation. Most rural communities
are not connected to the national grid and the rural access to electricity is reported
to be 26 % in 2008. The current statistics show half of the population still has no
access to electricity, 70 % of the rural areas remain unconnected to the national
grid. Those connected suffer from constant blackouts up to 10 hours per day
[GIZ2015].

Stern [2010], states that energy is critical for well-being and economic develop-
ment and there is great value in having access to energy. One of the very im-
portant element, if not the most important to access to energy is policy. Policy
provides the framework and strategies as to how energy is to be generated, man-
aged, distributed and supplied to households and businesses. It is the govern-
ment’s responsibility to develop policy through main ministry or agency respon-
sible for that sector. A robust energy policy that addresses recent developments
in the energy sector of the world, improving access to energy for all (UN sustain-
able development goal 7) and doing so in a sustainable way. Florini and Sovacool
[2009] state that the role of governments in the development of the energy sector
cannot be overemphasized and this is possible through the development of legal
and regulatory frameworks and control in the energy sector. Hassan & Majum-
der-Russel [2010] describes energy legislation as setting out regulatory frame-
works for the governance of the energy industry and the energy market.

Nigeria energy policy document came to effect in 2003 to serve as a road map to
a better national energy future. Based on this policy statement, the Renewable
Energy Master Plan (REMP) was developed in 2005 (Energy Commission of Ni-
geria and United Nations Development Programme [ENE2012]). REMP docu-
ment is the product of the efforts of a group of consultants organized by the En-
ergy Commission of Nigeria (ECN) in collaboration with the United Nation De-
velopment Programme (UNDP). The mandate was to look into the (country’s
energy situation) and proffer solutions that will enhance the energy policy.

Following this master plan is the development of the National Renewable Energy
and Energy Efticiency Policy (NREEEP) in 2015 with the purpose of setting out
a framework of action to address Nigeria’s challenge of inclusive access to mod-
ern and clean energy resources, improved energy security and climate objectives.
It is also to recognize the national significance of renewable electricity generation
activities by providing for the development, operation and maintenance, and up-
grading of new and existing renewable electricity generation activities and to de-
clare energy efficiency as a large, low cost, and under-utilized energy resource,
offering savings on energy bills and opportunities for more jobs, improved in-
dustrial competitiveness, and lower air pollution.
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This policy direction is important because the Roadmap for Power Sector Re-
forms, which was launched in 2012 only seeks to focus more on providing energy
to urban dwellers through the development of grid based electricity, which un-
fortunately would not benefit most rural areas except those who are close to urban
areas. Rural areas that are remote and have a low demand density will have to
depend on off-grid energy solutions as the economies of on-grid deployment do
not favor rural electrification and will have to depend on alternative solutions.
This implication has necessitated the development of a strategy for renewable
energy [NRE2015].

2.1.5 Nigeria’s current electricity scene

At first, all matters pertaining to electricity in Nigeria was in the hands of gov-
ernmental company, the National Electric Power Authority (NEPA) that had two
hydro and four thermal power plants for the entire country. NEPA’s electricity
supply was strewn with power cuts and outages, hence the initiative to revolu-
tionize it through the Electric Power Sector Reform (EPSR) that came into effect
in 2005. As a result, Nigerian Electricity Regulatory Commission (NERC) and
Power Holding Company of Nigeria (PHCN). The latter consists of 18 companies
with a specific mission of generation, transmission or distribution of electricity
[NER2017]. Privatization of a sector has long been connected with an improved
and more efficient performance. This is not always true in the case of NEPA.
According to a research by Adedeji [2017], the outcome of this particular privat-
ization in Nigeria is highly contingent on the form and nature of the government.
The Nigerian government, however, does not do what is required in order to set
off the privatization to a success journey. The regulatory framework is simply
weak and unsupportive, indicating the unclear intentions of the reform.

The low quantity of electricity generation is the quintessence of the reform’s fail-
ure. Considering the raw potentials of both renewable and nonrenewable energy
sources, the electricity landscape in Nigeria is underwhelming. In 2014, there are
ten National Integrated Power Projects (NIPP) with a total generation capacity of
10,000 MW. The actual electricity generated deviates from this figure, with the
combined capacity that amounts to 5,455 MW [AKU2017]. The vandalization of
NIPPs infrastructure is the major cause of the low generation tally. The Nigerian
Police Department has registered 89 vandalism cases in 2016 and 233 in the first
three quarters of 2017. The financial losses of 2017 vandalism acts amount to
estimate N500 million [IND2017].

The unstable electricity generation worsens further the already low capacity. A
study performed by Oluwatoyin, Odunola and Alabo [2015] investigates the rea-
sons behind the frequent power outages. They find that fickle and insufficient gas
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supply (due to vandalized pipelines), overloaded power transformers, lack of
plants and equipment rehabilitation are causing the unstable power, among other
incremental causes.

The implications of power generation issue on Nigeria’s economy

The electricity consumption and economic performance of a country are inter-
twining elements with causal relationship. Akinwale, Jesuleye and Siyanbola
[2013] attempt to figure out the direction of the causal relation between them,
using stationary test, co-integration, Granger causality test and Error Correction
Model. They conclude that there is a unidirectional causal relationship from real
GDP to electricity consumption, without feedback effect. This means that the
income of a person determines how much electricity they use. However, a study
with similar objective presents a conflicting result. Ogundipe and Apata [2013]
use the Johansen and Juselius co-integration based on Cobb-Douglas model, cou-
pled with the Vector Error Correction and Pairwise Granger Causality test to an-
alyze the causality. Their findings suggest that there is a causality flowing from
electricity consumption to economic growth, as well as a bidirectional causality.
Regardless of the direction of the causation, there is one fact that can be observed.
The shortage of power supply is mainly problematic for small and medium-sized
enterprises’ as they have to rely on costly diesel generators to carry out their lu-
crative operations. However, the cost of diesel generators is suspected to hurt
companies’ profitability [USAn.d.]. The difficulties that these companies are det-
rimental to the overall Nigerian economy.

2.2 Background of the State of Sokoto

As was previously mentioned, Nigeria is comprised of 36 states. The study is
concentrated on one of them - Sokoto state. The area is located in the northwest-
ern part of Nigeria and covers a territory of 25.9 km?. The state lies in the dry
Sahel with annual average temperature of around 28.3 °C. Agriculture is the pre-
dominant occupation for inhabitants in Sokoto. However, due to a lack of precip-
itation, crops are grown mainly in the floodplains of Sokoto-Rima River. The rest
of the land is used for millet, rice and other cereals [FEDn.d.]

For a long period of time Sokoto has been an Islamic state. Two centuries ago
there was a powerful Islamic Caliphate. After the collapse, it was put under the
Northern Nigeria Protectorate, while the regional elite was able to keep its influ-
ence and position. At the present time, Muslim is the predominant religion in the
state with a small number of Christians [SOKn.d.].

Due to the lack of access or limited access to electricity in rural communities,
local inhabitants usually rely on traditional human or animal power for everyday
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and agricultural needs. Machines are used only in the industrial sector. Lighting
is one the basic needs and carried out with kerosene lamps [UDU2013]. Addi-
tionally, according to Chikaire, Nnadi and Anyoha [2011], almost each house-
hold has a TV or radio and a refrigerator for convenience purposes.

Sokoto state is a subject of interest for this research paper due to its high renew-
able energy potentials, remoteness from the closest on-grid electricity connection
and high number of poor people. For instance, based on the data from GIZ [2015],
the site has a viable potential for wind-generated electricity because of maximum
wind speed - 6 m/s, as well as good potential for solar power plants with annual
irradiation above 2,200 kWh/m?. It should be noted that Sokoto continues to be
the poorest state in Nigeria, with more than 70 % of the inhabitants in Sokoto live
in poverty, 30 % are living in extremely poor conditions [SHA2013]. In fact,
growing population makes the situation even worse. Since the foundation of So-
koto state in 1960, the number of people has increased six times and now counts
5.4 million inhabitants. This high population growth is a challenge to employ-
ment level, education and health facilities availability. Besides, the majority of
population structure are children under the age of 15 [HEA2017].

23 Technical overview of renewable energy generation systems

The off-grid technology

Within the conventional electrical grid networks, before reaching the end con-
sumers, electricity passes through three stages — generation, transmission and dis-
tribution. Generated in large amount, electric power is not directly supplied to
end users, but rather first wheeled to electrical substations from which electricity
is distributed to private consumers [ELU2014]. On the contrary, off-grid energy
systems are decentralized systems, objectively focused on manufacturing a re-
quired electrical power for immediate consumption. Such systems are composed
by autonomous units where conversion and transmission have no interaction with
other units. Another distinctive characteristic of the off-grid systems is that they
are locally-based and need-oriented, as they are designed to cover specific local
energy demand and often rely on local energy sources [MAN2016]. Over the past
decade, introducing off-grid energy systems that use renewable energy resources
has become a common option to electrify remote rural areas where grid connec-
tion is neither available nor feasible in the foreseeable future [ROH2014].

For the purpose of the current research, the following off-grid energy systems
have been considered.

e Diesel energy system

¢ PV module and lead-acid battery storage energy system (PV/LAB)
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e PV module and lithium-ion battery storage energy system (PV/Li-ion)

e PV module and diesel generator hybrid with lead-acid battery storage en-
ergy system (PV-Diesel/LAB) Photovoltaic-diesel energy system with li-
on battery

e PV module and diesel generator hybrid with lithium-ion battery storage
energy system (PV-Diesel/Li-ion)

¢ Wind Turbines with lead-acid battery storage energy system, and
e Wind Turbines with lithium-ion battery storage energy system

With the exception of the energy source, all four scenarios share three main ele-
ments — (1) charge controller, (2) battery bank and (3) off-grid inverter. The fol-
lowing paragraphs will briefly describe the basic function of each of those com-
ponents.

The charge controller manages the power going from the energy source into the
battery bank and controls the source, which is to be active or inactive. Further-
more, it simultaneously charges the battery and distributes the power to the load.
The controller has overcharge protection, short circuit protection, pole confusion
protection and diversion load function [ING2015].

The energy inverter is needed to convert DC power into AC power. The inverter

size is determined by the peak load or the maximum wattage of the whole energy
system [ING2015].

The uneven distribution of renewable energy sources, especially solar and wind,
makes the battery a necessary component for the off-grid generation systems.
Batteries are the most common storage device in rural areas and in some cases,
they are also considered as the main electricity carrier [MAN2016]. They are also
used as a backup in the system and to maintain a constant voltage during peak
loads or a shortfall in generation capacity [MAL2014]. The capacity of the bat-
tery bank is to be calculated by finding the following data:

e Total daily use in watt-hour (Wh)
e Total autonomous time of the battery

For the purpose of the current contribution, two different types of battery storage
systems will be considered - lead acid and lithium-ion. The lead acid batteries
have been on the market for more than a century and have an established reputa-
tion of a dominant and commonly accepted technology for energy storage. The
large availability makes them very attractive in terms of initial costs [LITn.d.-a].
However, recent studies report that within an off-grid system they tend to degrade
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quickly and require frequent maintenance and replacement, resulting in high sys-
tem lifetime expenses. Furthermore, due to the large lead content they perform
poorly in terms of size and weight [KRI2013]. As to its disposal, because of the
highly toxic lead and corrosive sulphuric acid, a proper treatment is needed at the
end-of-life phase. However, leakages and ruptures occur rarely and at the same
time the recycling rate exceeds 95 % [LITn.d.-a].

Lithium-ion batteries represent the most widespread storage technology in port-
able electronics and electric vehicles. Within the last decade, because of rapid
technology development, they became cost-competitive in stationary storage ap-
plications and gradually made their way into off-grid energy systems. Lithium-
ion batteries are usually rated for much higher charge and discharge powers and
occupy much less installation space. Furthermore, they seldom require any
maintenance and replacement services [KRI12013]. However, this recent technol-
ogy needs much more future development and research in order to reach the same
impressive rate of recycling of lead acid batteries [LITn.d.-b].

Photovoltaic-Wind & Photovoltaic-Diesel hybrid energy systems

The hybrid energy generation system is a term used to describe any energy sys-
tem that combines two or more different sources of energy, such as wind-diesel,
PV-diesel, wind-PV, etc. [SHA2008]. The most common design of a hybrid en-
ergy system combines conventional diesel-powered generator and a renewable
source of energy e.g. wind and solar. Over the last decade, several studies have
been carried out in different parts of the world and have proven the reliability and
the efficiency of the combination of diesel and solar or wind [REH2012]. In the
long run, hybrid systems are able to mitigate the impact of oil price volatilities
and minimize the environmental damage caused by the burning of fossil fuels.
Furthermore, renewables and diesel tend to have complementary characteristics.
On the one hand, the capital cost of renewables is higher as compared to diesel,
on the other hand, operating costs and maintenance requirements of renewables
are lower relative to diesel. Diesel energy is available all the time whereas avail-
ability of renewables is highly dependent on the climatic characteristics of the
respective region [SHA2009].

In the case of a hybrid diesel generator-renewable source energy system, the ma-
jor drawback comes from the fact that diesel runs continuously to cover the dif-
ference between the energy generated from the renewable source and the load
demand. Due to low efficiency of the diesel generator at low load, the fuel saving
potential in these systems is limited, as diesel generator efficiency drops tremen-
dously when it operates at less than 40 % of full load. Fuel economy considera-
tions indicate that the diesel should be stopped when the average power of the
renewable, relative to the load, is high. This intermittent operation results in high
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start-stop cycling frequency which accelerates wear of the diesel system and thus
increases the demand for maintenance [ALB2014].

24 Off-grid renewable energy projects

2.4.1 Successful Projects

Every project starts from an idea and through project development, the idea is
gradually turning into some tangible matters such as timelines and blueprints.
Eventually, the idea is realized during the construction phase. Some projects soar
and reach their goals but some end up falling flat, despite careful design, planning
and development. Energy projects are not exempt of failures, but experts and
academics have tried to analyze completed projects in order to figure out critical
success factors in order to improve the success rate.

During its lifetime, a project has to tackle country, political, regime and legal
framework, foreign exchange and technical risks, among others. Thus, a success-
ful renewable energy project is the result of a highly reliable risk management,
where the actors are capable of minimizing the impacts of existing risks
[ALI2008]. In addition, light should be shed on the importance of including key
stakeholders and the local community throughout project lifetime. An observa-
tion indicates that successful projects have a few common elements, which are
the engagement of stakeholder in the entirety of project, creation of community
awareness and community education programs [NAM2014]. Even though re-
newable energy projects seem to be all figured out, projects that aim to provide
electricity in rural and remote area present a different set of issues.

The World Bank provides a booklet that breaks down what needs to be ques-
tioned and answered in putting together a sustainable off-grid rural electrification
project. In short, they put forward the necessity of least cost design, practical
technology choices, appropriate delivery mechanisms, community awareness,
and maximization of opportunities, international co-financing and consistency
with rural electrification [WOR2008]. A PricewaterhouseCoopers report entitled
“Electricity beyond the grid” [2016] points out the fundamental nature of an in-
tegrated energy access plan and map development, creation of acceptance of off-
grid initiatives, reliable payment solution, a dedicated fund and dependable team
of people. A comparable series of information can also be found in a Sustainable
Business Institute’s publication on how to scale up micro-utilities for rural elec-
trification [PET2013].

In regard to success factors, there is definitely not a lack of comprehensive ana-
lytical literature that somehow leads to a consolidated guideline for electrification
projects. The myriads of success stories act as a solid evidence. ACOB Lighting
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is a company specialized in rural electrification in Nigeria and one of its projects
is located in Kaduna state. The project provides 16 kW worth of power from a
solar mini grid system [ACO2017]. JOFOS is another firm that carries out activ-
ities related to rural development, such as water pump systems and solar power
engineering services. It completed a solar power installation to power a borehole
in 1991 in Kano state [JOF2017]. Another great example of projects comes from
Solar Electric Light Fund (SELF), an NGO, whose activities involve the design
and implementation of solar power solutions for the bottom of the pyramid. It
initiated a solar power project in 2001 with Jigawa Alternative Energy Fund
(JAEF) and financial support from the US Government. As a result, some com-
munities in Jigawa state now live with clean water, proper health centers, illumi-
nated classrooms and streets [SELn.d.].

2.4.2 Failed projects

Project management is a well-developed and widely used tool in many sectors
and industries. Despite the extensive studies and examples on success factors,
project failures still occur. There is preliminary research in this field revealing
typical reasons of failures. Some scientists define three, ten or even more main
factors that cause project to be unsuccessful. However, the majority of them, ac-
cording to Dorsey [2005] are based on the same ground and include

e Lack of support (both financial and management)
e Lack of planning and resources and
e Insufficient interaction among involved parties

Wiggins [2016] mentions project schedule as one of the most important factors.
Indeed, both overrun and underrun in terms of project proceeding can lead to
undesired consequences.

In the case of Nigeria, 60 % of the projects in renewable energy have been re-
ported to fail [NNA2015]. This review takes a look at a few examples and the
reasons why they failed. Omisore [2011] indicates poor maintenance, technical
problems, misunderstanding of local needs and communication challenges as the
main reasons of failure. A solar electrification project in Bishop Kodji, Lagos
State is a good illustrative example of those reasons. The project was intended to
provide electricity to the local community and to power the fish driers, as fishing
was a predominant occupation for inhabitants. The project’s primary objective
was to have direct impacts on people's living conditions and yet it stopped work-
ing three months after its launch because the company did not carry out any
maintenance services after completing the system construction.
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Locals were trained to operate the new system. Nonetheless, they could not make
the transition from familiar sources of energy, such as diesel generator, wood
pellets and kerosene to solar technology e.g. local women preferred cooking as
they used to. Moreover, inhabitants tended to overcharge the batteries, which led
to shorter project life-span. This is likely due to people’s mentality and advanced
knowledge gap. Additionally, it is worth noting that envy was an unforeseen fac-
tor that reinforced the collapse. The inhabitants of nearby villages sabotaged
Bishop Kodji project after its successful setup. The combination and interaction
of these factors condemned this project to fail [ADE2013].

A solar PV system in Oke-Agunla, Nigeria, provides insights on additional fail-
ure factors such as operational inefficiency. The construction of village electrifi-
cation system was successfully done but the project was not able to meet house-
hold needs. The study revealed that only 14.5 % of the total 4.5 kW installed solar
PV was utilized. Total inefficiency of the project can be attributed to poor mainte-
nance, malfunctioning and lack of motivation from the performing company side.
Local inhabitants in this case were also improperly trained [ISM2012].

Regarding governmental projects, Ogunmola [2015], a project management pro-
fessional, names governmental inadequacy as one of the main triggering factors.
In case of Nigerian Government, it single-handedly chooses the projects to invest
in, which leads to frequent failures due to the lack of appropriate project man-
agement support.

2.5  Process and barriers to new technology adaptation

2.5.1 Technology diffusion

Switching from a non-sustainable socio-technological system to a sustainable one
is one of the greatest challenges for sustainable development. Changing societal
function is hard to describe and measure as uncountable variables influence the
process. To describe the transition of socio-technological systems, Geels [2002]
introduces a multi-level perspective (MLP) on transition. Firstly, one can find
technological niches that offer a protected realm for learning and development.
Secondly, the socio-technical regime offers stability by creating sets of rules and
coordinating with existing socio-technical systems. Some of these stabilizing el-
ements might be contracts, lifestyles, and subsidies. Thirdly, the socio-technical
landscape is the highest level in the MLP. It is constituted by a wider exogenous
environment and, thus, cannot directly be shaped by the actions of actors. Geels
[2005] offered further insights into the interdependent process of transition that
occur in four phases:
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1. Firstly, scattered and unconnected radical innovations are developed in
niches. Due to lack of rules and connectedness the existing regime is not yet
threatened.

2. Secondly, the radical innovations start to gain importance in certain market
niches and form rules which eventually start to stabilize. The new technology
might become a source for specialization and gains support from various ac-
tors in the second phase.

3. Thirdly, in the next phase, the new technology becomes competitive and
poses a threat to the existing regime. This happens not only due to the influ-
ence of internal forces, such as better prices and a community of support, but
also relies on so-called “windows of opportunity” that open when there are
tensions within the existing regime.

Lastly, in the final phase, the technology and innovation compete with existing
technologies on the same level and a replacement process is triggered. This sub-
stitution process often happens gradually as vast perception changes within the
socio-technological system might need to happen as well. Geels’ MLP [2005]
showed that actors, technologies, and rules constantly affect each other to transi-
tion into new socio-technological systems.

This contribution outlines the adoption of off-grid renewable energy systems and
compares them with the status quo of technological solutions. Therefore, one
might take a narrower view on the diffusion and adoption processes of particular
technologies. Jacobsson and Johnson [2000] discussed the diffusion of renewable
energy technologies and focused their work on the perspective of the technolog-
ical system, which consists of actors, institutions, and networks that play an im-
portant role in determining how easily a new renewable technology is diffused.
They claim that certain failure sets exist that might hinder diffusion, such as the
threat of existing substitutes, a long period of adoption during the early phases
and/or customer needs that cannot be articulated during the early phases. The
authors conclude that the diffusion of new technologies could not be considered
as a linear gradual process but rather as one of ups and downs dispersed over a
long period of time.

2.5.2 Barriers to the implementation of renewable energy (RE) projects in
Nigeria

Renewable energy technologies such as wind and solar photovoltaics are tech-
nologies that can still be considered as growing in developing countries espe-
cially in most Sub Saharan Africa countries. Therefore, the deployment of such
technologies is bound to face obstacles and barriers which will curtail efforts to
provide energy from renewable resources. It is therefore imperative to identify
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potential barriers and obstacles and develop strategies to deal with them in the
project planning phase so as to ensure they do not hinder the success and sustain-
ability of projects in the sector.

The sector has great potentials to provide cheap and clean energy in the long-
term, although the investment capital is comparatively higher to people outside
the reach of national grid systems, most of whom live in rural communities and
also a majority of whom can be classified in the bottom of the pyramid economic
group. Some potential barriers identified in the literature, mostly peer-reviewed
research articles can be summarized under the following categories: lack of
awareness and reluctance in accepting new technologies, capital investment, se-
curity, legislation and regulation, politics, policy and strategy, technology and
innovation, and environmental support programs.

Social challenge and reluctance in accepting new technologies

Dada [2014] identified the lack of awareness and reluctance in accepting new
technologies as a barrier that could pose as a threat to renewable energy solutions.
He states that most consumers do not know how electricity is produced and de-
livered to their homes. On the part of both public and private investors, there is
also a lack of awareness of the great business opportunities in investing in the
renewable sector. Therefore customers, regulators and investors need to under-
stand and be convinced of the benefits of renewable energy. Governments need
to identify and analyze stakeholders and the roles they can play in enhancing the
growth of the sector. Governments can start the process by partnering with uni-
versities, research institutions, development organizations to organize work-
shops, symposia, seminars, conferences and town hall meetings to disseminate
relevant information to the particular stakeholder group [EFU2013].The draft of
the Renewable Energy Master Plan of Nigeria proposes the setting-up of a Na-
tional Renewable Energy Development Agency (NREDA), which can assist in
increasing public awareness and providing information and assistance to inter-
ested stakeholders [ENE2012].

Security

Security of investments in any sector is an important requirement for businesses
to thrive. Moreover, no investor would be willing to invest his capital when the
security of his investment is not assured, like sabotage of projects from other
communities, who are envious that such projects were not implemented in their
communities [IKE2017]. Nigeria is grabbling with security challenges in the en-
ergy sector, there have incidents of vandalism of oil pipelines, kidnappings,
bombings, armed robberies and lately activities of Boko Haram in the country
[DAD2014].
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Legislation and regulation

The creation of appropriate policy framework of legal, fiscal and regulatory strat-
egies is essential to the promotion of renewable energy development and attract
the needed investment in the sector. In the Nigerian energy sector, it has been
observed by Emodi and Ebele [2016] that various gaps exist in the energy poli-
cies, while some policies are long overdue for revision. Moreover, the follow-
ups of all the Nigerian energy policies, strategies and targets are lacking, as well
as commitment from the state and local government in renewable energy devel-
opment. Some overlaps and duplication also exist in some activities of some min-
istries and government agencies in the country. Alignment is therefore required
in the Nigerian energy policies, including the harmonization of National renew-
able energy, energy efficiency and rural electrification policy objectives, coordi-
nation of government agencies and effectiveness in the fulfilment of the mandate
to coordinate policy issues.

Technology and innovation

Although renewable energy projects exist in several developing countries includ-
ing Nigeria, there is very limited research and development in the sector. Most
of these technologies are imported from advanced countries. In order to promote
the increase in use of renewable energy resources, the development of capacities
locally is important. The aforementioned MLP of technology transition could be
encouraged and accelerated with the support of Governments, with the invest-
ments in research and development of an appropriate curriculum in the various
educational institutions to train the needed human resource for the sector. Also,
governments can encourage innovation by instituting award schemes. There are
several international opportunities available that governments can take advantage
of, to develop technologies and also draw investment into the country.

2.6  Criteria in renewable energy projects decision-making

2.6.1 Financial criteria

Investments in new power generating capacities represent an important long-term
decision, that locks down investors’ capitals and creates environmental impacts
for decades. The fact that investment and operating decisions are, first and fore-
most, market driven, highlights the importance of the economic parameters of
any project. To a large extent, this comes to explain the low rate of commercial
deployment of renewable energy technologies in the low-income countries. Due
to their technological nature, renewable energy projects are generally character-
ized by relatively high up-front capital costs and lower ongoing operating costs.
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In Sub-Saharan countries, Nigeria inclusive, there are no financial portfolios de-
veloped by banks and other financial institutions to support the renewable energy
sector [WOR2013]. Since there are other sectors also competing for the same
limited financial resources, renewable energy cannot compete due to the inade-
quate knowledge on sector thereby increasing the risk and uncertainties profile
of such investment, which makes banks reluctant to advance loans for projects in
the sector. Because of that, investment decisions are being often biased toward
conventional technologies that concentrate lower financial risk and secured re-
turn on the investment [AHL2014].

Hussain [2013] reports that, as the share of capital costs in their total cost is much
greater, many renewable energy projects might find it difficult to ensure long-
term funding. This is particularly relevant in the context of low income states,
where due to regulatory or other restrictions on bank loans, long-term financing
is often difficult. Moreover, the lack of experience and familiarity with renewable
energy technologies can make potential investors unable to assess the financial
risk involved in the project and may further bias them towards investing in con-
ventional energy systems.

Hamilton [2010] further states that on the one hand, an important issue that cre-
ates significant problems in obtaining private financing is the generally small
scale of renewable energy systems. Economies of scale in due diligence are sig-
nificant and many larger financial institutions and potential investors might be
unwilling to support small projects. But on the other hand, off-grid small-scale
applications benefit from avoiding the cost of new transmission network or dis-
tribution infrastructure.

Hussain [2013] also showcases that investments in renewable energy projects can
become more attractive, if energy prices are able to properly internalize the ex-
ternalities and take into account the wider global and local environmental im-
pacts. However, up to date they fail to reflect the benefits renewable technologies
have to offer - in particular, they could contribute to reducing the price volatility
and increase the energy security of the state. Furthermore, in the long run, to
diversify the supply mix and to reduce the reliance on fossil fuels which may be
a subject to large price changes.

2.6.2 Sociopolitical criteria

Social criteria are important for the assessment of energy alternative sources be-
cause it will further guide the selection of the most suitable energy source for the
model community that takes into consideration all the sociopolitical factors of
the community and Nigeria. Research from the literature further gives credence
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to this criterion. Tasri and Susilawati [2014] evaluated this criterion with govern-
ment policy, social acceptance and labor impact as subcriteria in a study aimed
at finding a renewable energy source that is best to generate electricity commer-
cially based on a fuzzy analytical hierarchy process in Indonesia. Also, Tsoutsos,
Drandaki, Frantzeskaki, losifidis and Kiosses. [2009] used this criterion in their
research to provide regional authorities of the Island of Crete with an exploratory
comprehensive analysis of renewable energy mix that have the potential to deal
with increasing energy demands.

Previous sections discussed that biomass is the predominant energy source and
widely accepted among the population. Fossil-fuel-based energy is the next im-
portant source of energy for Nigeria, however it is only about 40 % of the popu-
lation that has access to energy from the national grid, which is also very unreli-
able thus compelling people to supply their own electric energy through diesel
generator sets. Renewable energy sources are gaining prominence in the country
but rather at a slow pace. Reasons for this development have already been dis-
cussed in previous sections.

Quality of Life

Energy is recognized as being the principal means for providing access to basic
needs such as food and water, while offering opportunities to improve the quality
of life of people. The UN sustainable development goal seven states that all citi-
zens of the world should have access to clean, affordable, reliable, sustainable
and modern energy. Also, explicit linkage between access to energy and poverty
alleviation has been established and the type of energy has a direct impact on the
quality of life of the local populations. Furthermore, it has also been established
there is a high correlation between energy and economic development and other
indicators of modern lifestyle, [VOEn.d.], [GHA2004].

2.6.3 Environmental criteria

Nowadays, the evaluation of environmental impacts of a product or an activity
has become a norm. Consumers are becoming more aware of the repercussions
of their consumption behavior, hence their heightened expectation for the pro-
ducers. International environmental agreements are urging the participating na-
tions to comply with a set of agreed-upon behaviors and objectives. The involved
parties, from manufacturers to distributors fulfill these demands in order to keep
their competitive value.

The weight of environmental aspect is well captured by the creation of ISO 14000
family of environmental management standards for all sizes of organizations.
Life-cycle assessment (LCA) under ISO 14040 is particularly gaining popularity,
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as it considers the entirety of a product’s environmental impacts. LCA accounts
for “a product's life cycle from raw material acquisition through production, use,
end-of-life treatment, recycling and final disposal” [ISO2006]. For most prod-
ucts, the use or operational phase represents the highest energy-consuming prop-
erty. However, the disposal and end-of-life value of a product poses environmen-
tal issues, as the obsolete goods and old technologies and components are piled
in landfills such as the one that is known as the world’s largest electronic landfill
in Accra, Ghana [SHI2015]. At its end of life, an item’s composite elements can
be recycled, reused in the manufacture of other products or thrown straight to
landfills. Naturally, the higher the proportion of the recyclable and reusable com-
ponents of a product, the better it would be. The ever-increasing amount of used
products are a burden for the environment, making EoL value an important fac-
tor, even as early as in the design and conception stages of a product. This ap-
proach is referred to as a design-for-recycling [PNU1997].

Unlike a product’s life cycle, the impacts of a process or a project is distinct and
more complicated as it includes different LCAs, transportation, location, re-
sources and many other factors. The common instrument for a project is Envi-
ronmental Impact Assessment (EIA). According to EU’s EIA Directive
2014/52/EU, an EIA is a way to analyze projects that are very likely to have
substantial effects on the environment. This directive lists the critical elements
that need to be assessed i.e. climate change adaptation and mitigation, risks of
major accidents and disasters, biodiversity and use of natural resources
[EUR2017]. Aside from the EU Directive, there are other approaches of EIA pro-
vided by international and national institutions such as the US EPA and the Asian
Development Bank.

In a 40 MW solar-powered electricity generation project in Dhursar, Rajasthan,
the environmental impacts are divided based on the project phases i.e. planning
and design, construction, operation and decommissioning [DAH2011]. Moses
and Ng’Eny [2015] use a similar style for a 40 MW solar project in Kilifi County,
Kenya. Meanwhile, an EIA prepared by the US Department of Energy (DOE) for
a PV project in Colorado enlists the air quality and GHGs, visual resources, wild-
life, vegetation and cultural resources [DOE2011]. Even if the renewable energy
resource differs, the principal EIA framework remains similar, as illustrated by
an EIA of a wind power generation in Sri Lanka. The EIA goes through the im-
pact that the location and design choice, project phases and mitigation would
have inflicted on the environment [CEY2017].

As for their nonrenewable counterparts, the EIA naturally calls for a broader cov-
erage. In Kekaha, Hawaii, a diesel generator power plant project prepares an as-
sessment report that covers the hazardous material and waste, in addition to the

42



Off-grid renewable electricity systems in Nigeria

usual environmental resources [TEC2010]. It is clear that EIA content varies
from one project to another. However, they all have a number of elements in
common, such as the impacts of the project on natural resources (air, water, soil),
be it quantitative or qualitative. The single most reliable and quantifiable envi-
ronmental impact parameter, aside from the total energy used is the emissions of
greenhouse gases (GHGs). GHGs emissions have been studied and analyzed
many times over as the main cause of global climate change. Since then, they
have become the focus for experts, environmentalists and regular people alike.
For example, today’s public is familiar with the concept of carbon footprint. Fur-
ther, with the creation of carbon trade mechanism, the stakeholders are even more
incentivized to analyze and report their carbon mitigation projects. Therefore,
these elements of any EIA will be the foundation of environmental criterion in
the technology AHP of this work, along with the end-of-life value of the presum-
ably environmentally taxing components, i.e. solar panels, generators and batter-
ies.

2.7 HOMER Pro Software

Hybrid Optimization of Multiple Energy Resources (HOMER) is a computer
model developed by the National Renewable Energy Laboratory (NREL) in
1992. The software compares different methods of energy production and designs
off-grid and grid-connected systems. HOMER Pro simulates behavior of energy
systems and calculates its costs for all operational period, including installation
and maintenance costs. The program allows to compare many different options
for the design of energy system (from totally renewable to completely non-re-
newable or hybrid ones) and to determine its technical and economical merits, as
well as risks. The software provides various combinations of energy resources
with a wide range of solutions for future project. For example, it is possible to
choose between wind generator and PV panel, diesel generator or thermal and
hydrogen loads, micro hydropower and biogas, different types of batteries and
fuel-cell sources [NAT2004].

The program structure contains three main modules, simulation, optimization and
sensitivity analysis. HOMER Pro allocates feasible results of simulation based
on life-cycle costs. By changing input parameters such as inflation or discount
rate, the designer can examine the impact of sensitivity variables [NAT2004].

The simulation phase aims to define feasibility and life-cycle costs of a designed
system. HOMER Pro can simulate different types of system configuration and
components, how they behave in a long-run within an operating strategy. Fur-
thermore, HOMER Pro configures the system by doing an hourly time series
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simulation of its operation over the period of one year. Then, the program as-
sesses available renewable power, compares it to the electric load and makes a
decision how to deal with an excess, or a deficit, of electricity. HOMER Pro also
provides detailed information on the performance of each component of a given
power system [LAM2005].

The optimization phase aims to define the best or optimal configuration for the
designed system. HOMER Pro then sorts all possible solutions in descending or-
der of net present cost (NPC) which is the representation of all the costs and
revenues during the project lifetime, including discounted cash flows. The best
solution with lowest NPC is located on the top of a final table and has to satisfy
user requirements. Hence, the user has the possibility to choose among different
options, e.g. the size of a PV array or generator, the number of wind turbines,
batteries and others [LAM2005].

The sensitivity analysis deals with uncertainty of the project. It provides a mod-
eler the possibility to evaluate the output of designed system by changing input
parameters. These input variables, for example, can include fuel price, interest
rate or grid power price [LAM2005].

The software presents the results in the form of tables and graphs, which visualize
all processes and configurations and facilitates the final decision-making. There-
fore, HOMER is able to take into account future uncertainties and to generate the
results based on desired assumptions.
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3 Methodology

3.1 Village modelling and load assessment

We created a statistical model of a typical village in Sokoto State, Nigeria. As
the name suggests, it was constructed with the most recent available statistical
data of Sokoto, such as demographic and geographic data. When relevant Sokoto
data was not available, we recoursed to Nigerian statistical data. Due to incom-
pleteness of available secondary data, we had to use our knowledge and judge-
ment to determine some conditions.

As for the village load assessment, we calculated the amount of energy demand
that would arise from the established village model. We created the household
conditions based on several other comparable scientific papers. Moreover, we
used a combination of our judgment and internet sources to construct the energy
needs for public and commercial infrastructures.

3.2 HOMER Pro simulations

As was previously mentioned, HOMER Pro is a widely-used software for energy
system modelling. For this reason, HOMER Pro was assumed to be suitable for
this particular type of research. The process of model simulation using HOMER
Pro comprised of several steps that varied, depending on preferred configuration
and input parameters. The process started from the design tab, where basic infor-
mation about future project was inserted. This information included project’s
name, its authors and remarks (if necessary). Then, project location had to be
chosen - in our case it was Sokoto state in Nigeria. Information regarding the
climatic conditions of the region was automatically downloaded from a NASA
databank. Additionally, discount rate and inflation rate were set at 14 % and
16 %, respectively. The data was based on the available information from Na-
tional Bureau of Statistics [NAT2017a] and Trading Economics [2017], as of
December 2017. Project’s lifetime has been estimated at 25 years.

The next step consisted of Electric Load set up, where project profile could be
selected, and peak months were specified. In our example, community profile
without any peak months was chosen. We assumed that the modeled village
would consume electricity evenly throughout the year because there is no distinct
dry or rainy season in Sokoto. Additionally, we input scaled annual average load
of 1511.32 kWh/d.

After electric power load was set, the system components had to be added. It
included a wide range of either renewable or non-renewable resources (see Table
2). In the case of our project, we choose 1kw PV Generic flat plate collectors,
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Generic wind turbines and Auto-sized genset. Generic types were offered by
HOMER Pro software without any specifications. Due to scarce past experience
and data availability regarding technical details of the off-grid solutions, generic
types for each designed system were chosen. Moreover, there was a need to add
battery and converter to the given system. As highlighted before, further scenar-
ios would be based on battery differences in terms of PV plant and hybrid PV-
diesel. For this reason, either lead-acid battery or Lithium-ion had to be chosen.
However, for diesel scenario fuel price had to be added in this step and as of
December 2017, the price was € 0.48 per liter.

Table 2: Summary of designed systems and its components

System Components
Diesel Auto-sized Genset
PV/LAB 1 kW Generic flat plate PV

Generic 1 kWh Lead acid batteries

PV/Li-ion 1 kW Generic flat plate PV
Generic 1 kWh Li-Ion

Hybrid PV-Diesel/LAB 1 kW Generic flat plate PV
Generic 1 kW Lead acid batteries

Auto - size genset

Hybrid PV-Diesel/Li-ion 1 kW Generic flat plate PV;
Generic 1 kW Lithium-ion batteries;

Auto - size genset;

Wind Turbines with lead-acid battery 3 kW Generic wind turbine;
Generic 1 kWh Lead acid batteries

Wind Turbines with lithium-ion battery 3 kW Generic wind turbine
Generic 1 kWh Li-lon

In the end, HOMER simulated the results in the form of graphs and tables and
presented feasible solutions based on above mentioned input parameters. Table
3 summarizes the constant variables for all designed systems.
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Table 3: Input parameters for HOMER Pro simulation

Particulars Details

Country Nigeria

Location Gusau Road, Sokoto

Latitude 13°0,4'N

Longitude 5°14,9'E

Weather data source NASA Surface Meteorology and Solar

Energy (July 1983 - June 2005)

Inflation rate 16 %
Discount rate 14 %
Fuel Price (€) 0.48
Electric load (kWh/day) 1511.32
Project life time (years) 25

HOMER Pro provided the simulation outcome in form of tables and graphs. The
results pertaining to the economy included initial cost, annualized cost, cost of
energy, net present cost (NPC), operation and maintenance cost (O&M), operat-
ing cost and a few others. These financial properties of a system were calculated
using formulas that were specific to HOMER Pro. The definitions and breakdown
are as follows:

1. Inmitial Cost: The initial capital cost of a component is the total installed
cost of that component at the beginning of the project.

2. Annualized cost: The annualized cost of a component is the cost that, if
it was to occur equally in every year of the project lifetime, would give
the same net present cost as the actual cash flow sequence associated with
that component. HOMER calculates annualized cost by first calculating
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the net present cost, then multiplying it by the capital recovery factor, as
in equation (1).

Cann = CRF (11 Rproj) X Cypc (1)

where:
Cnpc = the net present cost ($)
i = the annual real discount rate (%)
Ryroi = the project lifetime (year)

CRF()= a function returning the capital recovery factor

3. Cost of Energy (COE): HOMER defines the levelized cost of energy
(COE) as the average cost per kWh of useful electrical energy produced
by the system.

To calculate the COE, HOMER divides the annualized cost of producing
electricity (the total annualized cost minus the cost of serving the thermal
load) by the total electric load served, using equation (2):

COE = Cann, tot = ChoilerHserved

)

Eserved

where:
Cann, 10r= total annualized cost of the system (€/year)
Choiler = boiler marginal cost (€/kWh)
Hiervea = total thermal load served (kWh/year)
Esorved — total electrical load served (kWh/year)
The second term in the numerator is the portion of the annualized cost

that results from serving the thermal load. In systems, such as wind or
PV, that do not serve a thermal load (Hisermar = 0), this term is zero.

4. Net Present Cost (NPC): The net present cost (or life-cycle cost) of a
Component is the present value of all the costs of installing and operating
the Component over the project lifetime, minus the present value of all
the revenues that it earns over the project lifetime. HOMER calculates the
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net present cost of each Component in the system, and of the system as a
whole.

Operations and Maintenance Cost (O&M): The Operation and Mainte-
nance (O&M) cost of a Component is the cost associated with operating
and maintaining that Component. The total O&M cost of the system is
the sum of the O&M costs of each system Component. For most Compo-
nents, you enter the O&M cost as an annual amount. For a generator, you
enter the O&M cost as an hourly value, and HOMER multiplies that by
the operating hours per year to calculate the annual O&M cost.

Operating cost: The operating cost is the annualized value of all costs
and revenues other than initial capital costs. HOMER uses equation (3)
to calculate the operating cost:

Coperating = Cann, tot + Cann, cap (3)

where:
Cam, wr = the total annualized cost (€/year)

Camn, cap = the total annualized capital cost (€/year)

Replacement cost: The replacement cost is the cost of replacing a Com-
ponent at the end of its lifetime, as specified by Lifetime parameter in the
Component model. This cost can be different than the initial capital cost
for several reasons:

Salvage Value: Salvage value is the value remaining in a component of
the power system at the end of the project lifetime. HOMER assumes lin-
ear depreciation of components, meaning that the salvage value of a com-
ponent is directly proportional to its remaining life. It also assumes that
the salvage value depends on the replacement cost rather than the initial
capital cost. HOMER calculates salvage value using equation (4):

Rrem

S = Crep X 4)

Rcomp

Rrem, the remaining life of the component at the end of the project lifetime,
is given by equation (5):
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Rrem = Rcomp - (Rproj - Rrep) Q)

Ryep, the replacement cost duration, is given by equation (6):

Rproj
Ryep = Reomp, INT (ﬁ) (6)
where:
Crep = replacement cost (€)
Reomp = component lifetime (year)
Ryroj = project lifetime (year)

INT(...) = a function that returns the integer amount of a real number;
for example, INT(6.843) =6

9. Simple Payback: Is the number of years at which the cumulative cash
flow of the difference between the current system and base case system
switches from negative to positive. The payback is an indication of how
long it takes to recover the difference in investment costs between the
current system and the base case system.

10. Storage wear Cost: The battery wear cost are the costs of cycling energy
through the storage bank. If the storage properties indicate that the storage
life is limited by throughput, HOMER assumes the storage bank requires
replacement when its total throughput equals its lifetime throughput.
Therefore, with each kWh of throughput, the storage bank approaches its
required replacement. HOMER calculates the storage wear cost using
equation (7):

C _ Crep, batt (7)
bw Npatt:Qulifetime/N Tt

where:
Crep, ban=replacement cost of the storage bank (€)
Npar = the number of batteries in the storage bank
Qlifeime = the lifetime throughput of a single storage (kWh)

Nrt = storage roundtrip efficiency (fractional)

Alongside the economic parameters of a renewable energy generation system,

50


https://www.homerenergy.com/products/pro/docs/3.11/lifetime_throughput.html
https://www.homerenergy.com/products/pro/docs/3.11/battery_roundtrip_efficiency.html

Off-grid renewable electricity systems in Nigeria

HOMER Pro provides technical performance of each component and the system
as a whole. The definition and formulas of these parameters are as follows:

1.

Rated Capacity: The nominal capacity (or rated capacity) of a Storage
Component is the amount of energy that can be withdrawn from it at a
particular constant current, starting from a fully charged state. The current
used to rate batteries varies from one manufacturer to another, but it is
typically either the 10-hour, 20-hour, or 100-hour rate. The 10-hour rate
(Cho) drains the Storage Component after 10 hours.

Mean Output: The average power amount of the generating system over
the year, in kW.

Capacity Factor: The average power output of the generating system di-
vided by the total generating systems capacity, in percentage (%).

State-of-Charge (SOC): The relative state of charge is the ratio of the
current absolute state of charge to the maximum capacity of the storage
bank. When the batteries are fully charged, the relative state of charge is
100 %. Wherever HOMER reports the amount of energy stored in the
storage bank, it reports the relative state of charge.

Lifetime throughput: If the storage properties indicate that the storage
life is limited by throughput, HOMER assumes that the Storage Compo-
nent requires replacement after a fixed amount of energy cycles through
the storage, regardless of the depth of the individual charge-discharge cy-
cles. HOMER uses this lifetime storage throughput to calculate the life of
the storage bank and the storage wear cost.

Renewable fraction: The renewable fraction is the fraction of the energy
delivered to the load that originated from renewable power sources.
HOMER calculates the renewable fraction using equation (8):

=1- Enonrent Hnonren
fren

)

Eservedt Hserved

where:
Ewonren = nonrenewable electrical production (kWh/year)
Egria, sales= energy sold to the grid (kWh/year) (included in Eservea)

Hyuonren = nonrenewable thermal production (kWh/year)
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Eservea = total electrical load served (kWh/year)
Hiervea = total thermal load served (kWh/year).

7. Renewable Penetration: In every time step, HOMER calculates the re-
newable penetration using equation (9):

_ Pren
pren -

)

Lserved

where:
P.., = total renewable electrical power output in this time step (kW)

Lservea= total electrical load served in this time step (kW)

33 Multi-Criteria Decision Analysis (MCDA)

According to Pohekar and Ramachandran [2003] energy planning using multi-
criteria analysis has attracted the attention of decision makers for a long time and
that the method can provide solutions to increasing complex energy management
problems. Therefore, studies in the past, that have focused on a single criterion
such as the very efficient supply option with the least cost analysis is not suffi-
cient in the evaluation and selection of an energy source these days amidst grow-
ing environmental awareness, climate change and sustainable development goals
to be achieved by 2030, thus the need to include other criteria for a comprehen-
sive analysis that considers these other important factors.

There are several approaches to conducting a MCDA. However, the three main
approaches are:

e Multi-attribute utility theory (MAUT)
e Outranking (including PROMETHEE and ELECTRE) and
e Analytical Hierarchy Process (AHP)

Pohekar and Ramachandran [2003] further explain that MCDA methods deal
with the process of making decisions in the presence of multiple objectives. A
decision-maker is required to choose among quantifiable or non-quantifiable and
multiple criteria. The objectives are usually conflicting and therefore, the solu-
tion is highly dependent on the preferences of decision-makers and must there-
fore, be a compromise. For our study we decided to use the AHP approach.
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Analytical Hierarchy Process

Decisions on investments in energy supply systems are highly complex. The de-
cisions are contingent on not only the investor’s financial situation, but also qual-
itative criteria. The Analytic Hierarchy Process (AHP) is a well-established
method that is used to support decision-making for multi-criteria decision prob-
lems. It is a psychophysical theory of measurements made through pairwise com-
parisons and is based on the judgments of experts as well as on hard empirical
facts. The final aim is to derive a priority hierarchy that could support the deci-
sion-making process [SAA2008a]. This very property of AHP was what drove
us to choose it over the other MCDA methods. Comparisons of different criteria
are made based on a scale of absolute judgments that represent the degree to
which one criterion dominates another with respect to a given attribute
[2O002010].

We molded this method according to the purposes of this work and the first step
was to identify criteria that would be emblematic for technology investment de-
cisions in the energy sector. In a second step, the criteria were weighed individ-
ually according to the AHP method. To obtain reliable results in weighting the
chosen criteria, the AHP analysis was performed by projecting the viewpoint of
a potential investor, as well as the one of the beneficiaries of the project. These
roles were assumed to be influential decision-making parties for adoption deci-
sions in the energy sector.

To weigh the criteria, pairwise comparisons between each criterion were con-
ducted. The weighting was done based on a 9-point scale [SAA2008a]. For ex-
ample, a ratio of 9:1 means that one of the criteria was extremely more important
in comparison to another and vice versa.

At the same time, a ratio of 1:1 means that both criteria are of equal importance.
The process then looked as follows: first, we individually weighted the criteria.
After that, a group weighting session was held to find a consensus and to meet
the method’s consistency requirements. To check the consistency of the weights,
the consistency ratio has to be calculated [SAA2008b]. This measure allows to
indicate whether the participants in the evaluation made consistent judgments.
Saaty [2008b] suggested that this ratio should not exceed 10 % and, if it does, the
pairwise comparison must be repeated.
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Table 4: Saaty's fundamental 9-point scale of absolute numbers [SAA2008a]

Intensity of Importance Definition
1 Equal importance
2 Weak or slight
3 Moderate importance
4 Moderate plus
5 Strong importance
6 Strong plus
7 Very strong or demonstrated importance
8 Very, very strong
9 Extreme importance

The final evaluation was performed based on the obtained weights as well as on
the comparison between the alternative solutions. For the AHP, the previously
obtained results of the investment appraisal as well as the environmental assess-
ment were considered.

GOAL

CRITERION 1 CRITERION 2 CRITERION 3

ALTERNATIVE 1 ALTERNATIVE 2 ALTERNATIVE 3 ALTERNATIVE 4

Figure 2: AHP criteria hierarchization scheme
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3.3.1 Scoring method

The weights of subcriteria and main criteria would not mean anything without
assessing each of the technology according to their objective performance in the
mentioned criteria. Thus, we sought to obtain the relative performance score of
each energy generation system by creating a grading scale of 0 to 10 with the
following steps.

1. We find the lowest and highest value within the range of the quantifiable
economic and environment subcriteria.

2. Subsequently, we find the difference between the two extremes and di-
vide it by 10 to acquire the units for scoring scale. For economic subcrite-
rion, the relative zero would be given the highest value, as the higher the
cost is, the less favorable it is for the project. Concerning the environmen-
tal subcriterion: the GHGs emissions scale was created in the same way
as the economic counterpart. However, the scale for the EoL value ex-
pressed in recyclability and/or reusability rate was the reverse, as the
higher the rate was, the better the score would be. The calculation is
shown in equation (10):

Valuepgx—Valuepyin
10

(10)

With the help of the formula, all intervals of score points could be calcu-
lated.

3. We evaluate the performance of each system based on the scale and rate
it from O to 10.

With regards to social subcriterion, as there was not any quantitative point of
reference, we utilized the same logic of scoring. However, instead of an interval
of numbers, we used available information and data, our assumptions and
knowledge, expertise and judgment to give appropriate relative scores. All cal-
culated subcriteria scoring scales can be found in the Appendix of this contribu-
tion.

3.3.2 Financial Criteria

Based on the findings of the literature review and the results from the HOMER
Pro simulation results, we derived the four economic criteria. The first one - “cap-
ital cost”, the total cost of the energy generation plant, which included the cost of
all equipment and all installation costs at the beginning of the project. Capital
cost is the most used economic criterion to evaluate energy systems and often
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recognized by the literature as a main barrier to introducing off-grid renewable
energy systems in low income states [AHL2014]; [HUS2013].

The second criterion “Operating cost” is the cost associated with operating and
maintaining each component of the energy system throughout the entire life-cy-
cle of the project. On the one hand, the operation costs include the funds spent
for the energy, services, insurance, wages etc. for the energy system operation.
On the other hand, maintenance costs are associated with the cost that aims to
prolong the life of the energy system and avoid failures that may lead to its oper-
ation suspension e.g. replacement costs.

The third criterion is associated with the cost of energy (COE). The HOMER Pro
software defines the cost of energy as the average cost per kWh of useful electri-
cal energy produced by the system. To calculate the COE, Homer Pro divides the
annualized cost of producing electricity by the total electric load served.

Governments, investors, producers and consumers have different expectation on
the cost of energy. Therefore, it is necessary to evaluate the electric cost of dif-
ferent energy systems.

The fourth chosen criterion is “Payback period”. The payback period of an energy
project refers to the number of years it takes for the cumulative income to equal
the value of the initial investment. From the viewpoint of an investor, shorter
payback periods are preferable to longer payback periods. In order to calculate
the payback period of one alternative the Homer Pro software compares it to an-
other alternative or to the base case scenario, in the current case to the “Diesel-
only energy system”.

3.3.3 Social criteria

A community’s acceptance of generating system refers to the specific acceptance
of siting decisions by local stakeholders, particularly residents and local authori-
ties. [WUE2007]. Therefore, social acceptability is adopted as one of the social
subcriteria.

Employment directly relates to the contribution of the project to local develop-
ment. This criterion estimates the global social and economic effects that may be
felt in the areas affected by the initiatives. The potential effects are: the creation
of new jobs, new supply chain businesses, emerging energy sector businesses and
industrial districts.

Quality of life as a third subcriteria can be evaluated based on the impacts the
provision of energy from various generating systems on quality of life indicators,
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especially poverty and shared prosperity, which represent indicators that measure
progress toward the World Bank Group’s twin goals of ending extreme poverty
by 2030 and promoting shared prosperity in every country.

e People, which showcase indicators covering education, health, jobs, social
protection, and genderequality and provides a portrait of societal progress
across the world.

e Environment, which presents indicators on the use of natural resources, such
as water and energy, and various measures of environmental degradation, in-
cluding pollution, deforestation, and loss of habitat, all of which must be con-
sidered in shaping development strategies.

e Economy, which provides a window on the global economy through indica-
tors that describe the economic activity of the more than 200 countries and
territories that produce, trade, and consume the world’s output.

e States and markets, which encompasses indicators on private investment and
performance, financial system development, quality and availability of infra-
structure, and the role of the public sector in nurturing investment and growth.

¢ Global links, which presents indicators on the size and direction of the flows
and links that enable economies to grow, including measures of trade, remit-
tances, equity, and debt, as well as tourism and migration.

3.3.4 Environmental Criteria

In order to evaluate the environmental performance of an off-grid system, we
decided to have three criteria. The first one was the CO2 and CO emissions ex-
pressed in Global Warming Potential (GWP). This criterion has been selected as
it is generally acknowledged that the most taxing phase of a project is its operat-
ing stage. The relevant data that has been provided via system simulation on
HOMER.

The second environmental criterion was the end-of-life performance value of the
main components of a system. Following literature research of each component’s
LCA, we came to conclusion that existing researches results vary substantially,
depending on the factors that the writers chose. Therefore, the proportion of com-
ponents’ parts that is recyclable and reusable, expressed in percentage, was se-
lected as the most reliable and uniform environmental impact indicator.

The third environmental criterion was the impact of the installation of the system
in terms of land use. We chose this criterion as it represents the most quantifiable
criterion pertaining resource utilization. We calculated the approximate surface
area that each system would take.
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4 Results
4.1 Village profile and load

4.1.1 Village profile

The construction of a model village in Sokoto was mostly based on the latest
statistical data available, with the reference to existing papers with similar ap-
proaches. When there was no data available, we resorted to educated assump-
tions. Through the combination of them, we created the following profile (see
Table 5).

Table 5: Demographic overview of the modeled village

Particulars Details
Number of households 200
Average household size [FAO2016] 7
Total population 1,400
System 110,000.00

The modeled village has an area of 7.28 km? and it is inhabited by population
whose age composition was assumed to be the same as the one of Sokoto state.
The population is young, as 19.1 % of it is under 5 years old and 33.4 % is be-
tween 5 and 17 years old [FAO2016].

Public facilities and infrastructure

In 2014, there were 673,960 children enrolled in 1,990 public primary schools or
in other words, 339 students attended one primary school [NBS2016]. In the
modeled village there are 468 young people, who are in the age of primary and
secondary school, so there is a need for one primary school.

Due to the absence of data on the number of hospitals or medical centers in So-
koto state, we referred to the national data. According to the latest World Bank
[n.d.-c] data from 2004, there was 0.5 hospital bed for 1,000 people in Nigeria,
or 1 hospital bed for 2,000 people. Therefore, in a village of 1,400 inhabitants, it
is assumed, that there would not be any hospital or medical center.

Located in a state where Islam is by far the most popular religion, and a caliphate
for that matter, mosques are essential for the population, as accurately depicted

59



Ayaribil, Bykova, Kazandzhiev, Setiawan

by the construction of 189 mosques in the past year alone [AUW2017]. The ac-
tual number of mosques in Sokoto or Nigeria has not been documented, which
led us to make an educated estimation. We computed that 3 small-sized mosques
would be sufficient for the village.

The village would also have a small commercial center where people could pur-
chase their necessities. The center would consist of a general store and a small
market or grocery store.

4.1.2 Village electricity load profile

For the purpose of this study, an estimation of electricity demand of the remote
rural village with no access to grid electricity was performed. It was carefully
estimated considering existing statistical data for this part of Nigeria, and by an-
alyzing previous reports and studies on the consumption habits of local dwellers.
The final load assessment was conducted in an Excel worksheet.

The typical energy profile of such small-scale communities looks like this: The
electricity demand increases steadily throughout the day, starting from 06:00 in
the morning, and reaching its peak between 18:00 and 21:00. Moreover, in such
a remote rural community, an insignificant difference between the daily electric-
ity demand patterns for weekdays and weekends and for the different times of the
year, can be observed.

In comparison to urban areas, the demand for electricity in remote rural villages
is not high. Table 6 gives an overview of the entire load profile of the modeled
community. The daily average energy consumption was estimated to be around
1511.32 kWh/d, for which an off-grid energy system with generation capacity of
slightly less than 63 kW would be required. Almost the entire electrical energy
generated (nearly 98 %) would be demanded for domestic use i.e. for appliances
like televisions, radios, refrigerator, lighting, fans, etc. Around two-thirds of this
share, would be consumed by old and energy inefficient refrigerators.

Slightly above 1 % of the total energy demand would be supplied to two small
commercial buildings, where again the refrigerators would be the main electricity
consumer. The final 1 %, would be distributed among the primary school and the
public spaces, where lighting would account for most of the consumption.

The calculated load of 62.97 kW or 1511.32 kWh per day, along with other pa-
rameters (see Table 6) were input for each system simulation on HOMER Pro.
The results will be described and analyzed in the following section.
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Table 6: Calculation and breakdown of household and village electricity load profile

Item 1:;1 3‘:}:: Wattage Dl::;:;g);]()f ]s):lllll};)tci?)l:l- clt)ll:sl:ltll:llg- s[ﬁqn(;’lg(l::ly (fg;,;l)
(Wh) tion (Wh)
Household
Lights 4 15 6 360 10,800 10.8
CRT TV 21” 1 80 10 800 24,000 24
Phone charging 1 5 0 0 0
Fan 1 50 5 250 7500 7.5
Refrigerator 1 750 8 6,000 180,000 180
Sub-total 8 900 29 7,410 222,300 2223
Total 200 1,482,000 44,460
Public infrastructure & Primary School
Streetlights 7 60 12 5,040 151,200 151.2
Mosques (3) 3 60 12 2,160 64,800 64.8
Lights 12 40 3 1,440 43,200 43.2
Fans 9 50 5 2,250 67,500 67.5
Computer 1 300 5 1,500 45,000 45
CRT TV 21” 1 80 5 400 12,000 12
Total 590 42 5,590 383,700 383.7
Commercials
Refrigerator 2 900 8 14,400 432,000 432
Freezer 2 108 8 1,728 51,840 51.84
Lights 2 40 5 400 12,000 12
Total 16,528 495.84
Grand Total 45,339.54
Power load (kW) 62.97

61



Ayaribil, Bykova, Kazandzhiev, Setiawan

4.2 HOMER Pro results

4.2.1 Wind with lead acid batteries

The system is comprised of 3 kW Generic wind turbine and Generic 1 kWh Lead
acid batteries (see Figure 3).

AC Electric Load DC
% G1
1,511.32 kWh/day
186.90 kW peak

Converter

DC

g -

AC

Figure 3: Scheme of wind turbine with lead acid batteries system

HOMER simulation results

The HOMER Pro calculation process did not provide any feasible solution for
this system configuration. It suggested the addition of autosize generator or gen-
eration capacity.

4.2.2 Wind with Lithium-Ion batteries

The system is comprised of 3 kW Generic wind turbine and Generic 1 kWh Li-
Ion (see Figure 4).

AC Electric Load DC
% G1
1,511.32 kWh/day
186.90 kW peak

Converter 1 kWh Li-lon

DC

g g

AC

Figure 4: Scheme of wind turbine with Li-ion batteries system
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HOMER simulation results

The HOMER Pro calculation process did not provide any feasible solution for
this system configuration. It suggested the addition of autosize generator or gen-
eration capacity.

4.2.3 Diesel system

The system is comprised of an auto-size diesel generator designed to produce
654,898 kWh per year of electrical power (see Figure 5). An electric generator is
a device that converts mechanical energy obtained from an external source into
electrical energy as the output. The main components of a generator are; The
Engine, Alternator, Fuel System, Voltage Regulator, Cooling and Exhaust Sys-
tems, Lubrication System, Battery Charger, Control Panel and the Main Assem-
bly / Frame [DIEn.d.]. It is designed to use diesel as fuel.

cif’) AC Electric Load
I_I Ge %

= (mp N
; m ]

1,511.32 kWh/day
186.90 kW peak

Figure 5: Scheme of diesel generator system

HOMER simulation results

The results from the simulation with HOMER software shows that the operating
cost was the most important cost component for this technology option, it has
46 % share of the total cost, and 0.097 % of the total cost would be recovered at
the end of the lifespan of the components as the salvage value (see Table 7). The
technology has the least capital cost compared to the other technologies evalu-
ated. Although it had the least capital cost, emissions were the highest from this
technology with carbon dioxide (CO2) being emitted the most. With climate
change concerns and the need to deliver reductions in carbon emissions, as the
electricity supply sector is responsible for around 37.5 % of total CO> emissions.
[SIM2003], other environmental impacts from other emissions are given in Table
9. Furthermore, possible fuel spillage would pose an additional risk of contami-
nated soil, groundwater and possibly waterways, the above enumerated factors
cast doubts about the environmental suitability of this technology [UNE2011].

We also conducted an analysis at different fuel prices in consideration of volatil-
ity in market fuel prices. The analysis gave us an insight into how fuel price
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would affect the cost structure of the system. Details of the results are displayed

in Table 8.
Table 7: Cost summary of diesel system
Capital Replacement Oo&M Fuel Salvage Total
© ®© ®© ® © ®
Autosize Genset 110,000.00| 1,939,306.90| 1,826,370.52| 3,220,478.54 -67,964.34| 7,028,191.62
System 110,000.00| 1,939,306.90| 1826,370.52| 3,220,478.54 -67,964.34| 7,028,191.62

Table 8: Diesel fuel prices with 15 % increment and resulting costs

Diesel fuel price |Initial capital| Operating NPC COE O&M cost
(€/L) © costs (€/yr) (€ million) ©) €
0.48 110,000 219,004 7.03 0.393 57,816
0.55 110,000 233,871 7.50 0.419 57,816
0.63 110,000 250,863 8.03 0.449 57,816
0.73 110,000 272,102 8.71 0.487 57,816
0.84 110,000 295,465 9.44 0.528 57,816

Table 9: Diesel system's emission breakdown

GHG Value Units

Carbon Dioxide 555,961 kg/yr
Carbon Monoxide 3,504 kg/yr
Unburned Hydrocarbons 153 kg/yr
Particulate Matter 21.2 kg/yr
Sulfur Dioxide 1,361 kg/yr
Nitrogen Oxides 3,292 kg/yr
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Table 10: Total diesel system electricity generation in KkWh per year

Production kWh/yr %
Autosize Genset 654,898 100
Total 654,898 100

4.2.4 PV and Lead Acid Battery system

The system relies solely on solar irradiation as the energy source, captivated by
HOMER Pro’s Generic flat plate PV. The energy is then stored in Generic 1 kWh
Lead Acid Batteries. Subsequently, the DC is converted to AC with System Con-
verters (generic), to be distributed to households and commercial centers. After
choosing all components, HOMER Pro calculated the results.

AC Electric Load DC O Ity pv
AR
z =
/\ N
1,511.32 kWh/day
186.90 kW peak

Converter 1 kWh LAB

DC

g - | =
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Figure 6: Scheme of PV/LAB system

HOMER simulation results

HOMER yielded only one feasible solution for this combination of components.
The solution required an initial investment of € 3.59 million (see Table 11). The
calculated COE amounted to € 0.37 and with that tariff, the project would reach
its investment breakeven point in 9.1 years or at 37 % of project completion.

Table 11: Cost summary of PV/LAB

Initial capital | Operating NPC COE Rate of return | Simple pay- | Renewable
©€) costs (€) €) ©) (%) back (yr) | Fraction (%)
3.59M 2.84 M 7.17 0.37 20 % 9.1 100 %
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Economic analysis

In this system scenario, € 2.4 million or 66.7 % of the initial capital was allocated
to finance the PV panels purchase (see Table 12). However, due to the long life-
time of panels that covered the entire project operation of 25 years, there would
not be any replacement cost incurred. The apparent lower initial investment for
lead acid batteries (31.4 % of total capital cost) contradicted the exorbitant re-
placement costs through project lifetime, as shown by the results that indicated
that about 1,500 units of batteries would be required at a time. These lead acid
storage bank would have to be replaced every ten years, hence the projected fu-
ture payment of € 2.94 million that constituted 97.2 % of the entire system’s re-
placement cost.

In respect of the operation and maintenance cost (O&M), the batteries remain the
most cost-intensive components with a total of € 1.19 million, representing
82.5 % of the system’s O&M. The remaining 17.5 % of O&M would be engaged
to sustain PV panels conditions. Further, HOMER calculated salvage value, re-
sulting in the residual economic value of batteries and system converters that
lowered the total project cost by 11.1 %.

Overall, the storage system would be the costliest components, given that it took
up 61.4 % (€ 4.4 million) of the project cost of € 7.17 million. PV panels that
were expensive at the beginning ended up taking up only 37 % of the total cost
and as expected, system converters representing 1.6 % of total cost, were the least
financially taxing components.

Table 12: Breakdown of PV/LAB components cost

Component Capital Replacement O&M Fuel Salvage Total
© © © © © ©
Generic IkWh 1) 179 500.00|  2.941.333.27| 1.189.339.46 0.00| -860,744.12| 4,399,428.61
Lead Acid
Sé"e”c flatplate |5 397 381 88 0.00| 252,439.21 0.00 0.00| 2,649,821.09
System Converter | 65,211.38 84,648.74 0.00 0.00| -33,576.13|  116,283.99
System 3,592,093.26| 3,025,982.01| 1,441,778.66 0.00| -89432025| 7,165,533.69

Components overview

Apart from the cost breakdown, HOMER provided the details of PV panels and
lead acid batteries (see Table 13). The autonomy hours of the battery bank were
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35.9 hours, significantly higher than the length of night and twilight times of 12
hours, when solar irradiation is virtually nonexistent [TIMn.d.]. This number is
good, as when there is an issue with the PV panels that cannot be resolved
quickly, the village electricity needs would still be fulfilled. The most striking
figures from lead acid batteries are the losses that amounted to 67,434 kWh per
year, the equivalent of 4.5 % of annual panel production. The losses would rise
up to 1,685,850 kWh for the project lifetime. The losses emanated from the bat-
teries heat generation and the substantial decrease in capacity caused by increas-
ing discharge rates, which characterized lead acid batteries in general [LITn.d.-

al.

Table 13: Breakdown of PV/LAB components performance

PVs

Item Value Units
Rated Capacity 799 kW
Mean Output 170 kW
Mean Output 4077 kWh/d
Capacity Factor 213 %
Total Production 1488272 kWh/yr
PV Penetration 100 %

Lead Acid Batteries

Item Value Units
Batteries 3765 qty.
Autonomy 35.9 hr
Storage Wear Cost 0.419 €/kWh
Lifetime Throughput 3012 000 kWh
Expected Life 9.97 yr
Losses 67 434 kWh/yr
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4.2.5 PV and Lithium-ion Battery system

The system depends on solar irradiation as the energy source, captivated by
HOMER Pro’s Generic flat plate PV (see Figure 7). The energy is then stored in
Generic 1 kWh Lithium-ion (Li-lon) Battery. Afterwards, the DC is converted to
AC with System Converters in order to distribute electricity to households,
mosques and commercial centers. After choosing all components, HOMER cal-
culated the results.

AC Electric Load DC QO ///,’ PV
L =8
/\ /T \

= 0 l
1,511.32 kWh/day
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Converter 1 kWh Li-lon
DC +
- - - =
U

Figure 7: Scheme of PV/Li-ion system

HOMER Results

HOMER provided only one feasible solution for this combination of parameters.
The solution requires an initial investment of € 4.04 million (see Table 14).
Throughout the project lifetime, € 1.34 million would be spent on operating costs.
By the end of the 25-year period, the net present cost of the project is estimated
to reach € 5.76 million. By setting the price at € 0.33 per kWh, a simple payback
period of the project would be achieved in around 8 years with a rate of return
amounting to 22 %.

Table 14: Cost summary of PV/Li-ion system

Initial | Operating costs NPC COE Rate of Simple pay- Renewable
capital (€) ©) © © return (%) back (yr) Fraction (%)
4.04 M 1.34M 5.76 0.33 22% 8.1 100 %

Economic analysis

Taking into account the cost breakdown data from the Table 15, we concluded
that 72.7 % of initial investment part account for PV panels purchase. However,
due to the lifetime of panels that covered the entire project lifetime, there would
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not be any replacement cost incurred. In comparison to the high upfront invest-
ment, required for the installation of the PV module, the initial capital for the
battery storage system is relatively low, amounting to 25.5 % of the overall cap-
ital cost. On the contrary, the batteries’ replacement costs were high and repre-
sented the bulk of the system’s replacement cost, accounting for 93.5 %. This
resulted from the battery lifetime of 15 years that covered more than half of pro-
ject lifetime and led to one-off replacement. The system converter was an essen-
tial part of the given system that did not call for significant capital or replacement
costs and did not cost anything in operation and maintenance.

Regarding O&M cost, the whole system would require around € 853,047. It is
worth noting, that the battery storage represented a major part of it - 63.7 %,
whereas PV panels constituted less, 36.3 %. Then, HOMER calculated salvage
value of a designed system, which reduced total project costs by 9 %.

In overall, in spite of the high replacement and O&M costs, Li-lon battery was
the least cost-intensive component of the entire system, compared to flat plate
PV. The storage accounted for 41.4 % of total project cost. Meanwhile, PV panels
took up more than half costs or 56.4 %, while the remaining 2.2 % of total cost
accrued to the system converter.

Table 15: Breakdown of PV/Li-ion components cost

Capital Replacement Oo&M Fuel Salvage Total
© © © © © ©

Component

Generic 1kWh Li-lon | 1,032,600.00| 1,340,383.86| 543,652.91 0.00 -531,666.52| 2,384,970.25

Generic flat plate PV | 2,938,283.00 0.00| 309,394.95|  0.00 0.00| 3,247,677.95

System Converter 71,985.85|  93,442.45 0.00[ 000 -37,064.18]  128364.13
System 4,042,868.85| 1,433,826.31| 853,047.85|  0.00| -568,730.70| 5,761,012.32
HOMER Components

In addition to the cost calculation, HOMER provided detailed information re-
garding system components, such as solar panels and batteries (see Table 16).
The autonomy working time of the Li-lon battery was 21.9 hours, which would
be sufficient for meeting the village needs, in case of any problems with the PVs.
Battery losses, which were equal to 29,583 kWh/year, accounted for 1.6 % of the
total annual energy generation.
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Table 16: Breakdown of PV/Li-ion system components performance

PVs
Item Value Units

Rated Capacity 979 kW
Mean Output 208 kW
Mean Output 4,997 kWh/d
Capacity Factor 21.3 %
Total Production 1,824,058 kWh/yr
PV Penetration 100 %

Lithium-Ion Batteries

Item Value Units
Batteries 1,721 qty.
Autonomy 21.9 hr
Storage Wear Cost 0.211 €/kWh
Lifetime Throughput 4,214,852 kWh
Expected Life 15 yr
Losses 29,583 kWh/yr

4.2.6 PV-Diesel hybrid and lead acid batteries

This scenario investigates a hybrid energy system combining the following com-
ponents: PV module, diesel generator, lead-acid battery storage system and sys-
tem converter. In Figure 8 the schematic diagram of the energy system in ques-
tion is shown. The PV system comprises a HOMER Pro’s 1 kW Generic flat plate
PVs. The generated energy is stored in Generic 1 kWh lead acid batteries attached
in strings. To supplement the energy generation in times when the required elec-
trical load is not met by the PV module or by the battery, an Autosize Genset is
added to the off-grid system. Subsequently, a system converter maintains the
flow of energy between the AC electrical load and DC components of the hybrid
energy system. After choosing all components, HOMER Pro again calculated the
results.
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Figure 8: Scheme of PV/Li-ion system.

HOMER simulation results

For the given parameters, the simulation analysis provided five different energy
systems, with varying sets of components. Some of the solutions excluded one
energy source or the other, making them non-hybrid systems. We chose the op-
timal one, as suggested by the software, where 59.8 % of the energy delivered to
the load is generated by the PV module. Table 17 illustrates the overall cost pa-
rameters of the optimal energy system. At a price for one liter of diesel fuel set
at € 0.48, the system would require a capital investment of € 1.19 million.
Throughout the project’s life cycle, € 2.59 million would be spent on operating
cost. In total, the net present cost associated with the entire project’s life-cycle
would reach € 4.32 million. Given that, setting the price of a kWh of consumed
electricity at € 0.25, the project is estimated to have a rate of return of 10.7 % and
would achieve a payback on the investment within a decade.

Table 17: Cost summary of PV-Diesel/LAB system

Initial Operating NPC COE Rate of | Simple pay-| Renewable
capital (€) costs (€) © © return (%) | back (yr) |Fraction (%)
1.1I9M 2.59M 432M 0.25 10.7 % 9.3 59.8 %

Economic analysis

Under the given parameters, using the cost breakdown data from Table 18, we
calculated that the most significant part, or around 64.9 %, of the capital invest-
ment of the entire system would be absorbed by the capital cost of the PV module.
However, due to the fact that the estimated lifetime of the PV module would over
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the entire project life cycle of 25 years, there would be no replacement cost in-
curred. Furthermore, the solar panels would account for only 9.2 % of the total
O&M cost.

As to the diesel generator, it accounts for around 9.3 % of the project’s capital
cost. However, over 43 % of the total cost of the hybrid system for replacement,
operation and maintenance would be spent on the genset. Furthermore, through-
out the life cycle of the off-grid system (25 years), more than € 1 million would
be allocated to the generator for diesel fuel.

In terms of capital cost, the lead acid storage system was the second most expen-
sive component, accounting for about 22.6 % of the total capital investment. The
relatively short expected life of the lead-acid batteries, estimated at slightly less
than 7 years, explains the major expenditure that would be required for replace-
ment. In addition to that, the battery storage would account for more than the
half, or 51.9 %, of the total O&M cost. As in the other scenarios, the smallest
fraction of funds would be allocated toward the system converter. It would ac-
count for just 3.2 % of the total capital cost. In regard to the overall operating
cost, less than 1 % would be required to be spent on this component.

Table 18: Breakdown of PV-Diesel/LAB system components cost

Component Capital Replacement Oo&M Fuel Salvage Total
© © © © © ©
Autosize Genset 110,000.00 576,899.40| 515,178.26| 1,072,397.12| -149,804.74| 2,124,670.03
Lead Acid Batteries 269,100.00 1,033,014.50| 283,356.57 0.00| -167,055.93| 1,418,415.13
Generic flat plate PV 771,798.90 0.00 81,268.78 0.00 0.00 853,067.68
System Converter 37,661.99 48,887.78 0.00 0.00 -19,391.46 67,158.31
System 1,188,560.89 1,658,801.67| 879,803.61| 1,072,397.12| -336,252.13| 4,463,311.15

Energy output from the hybrid system

The breakdown of the electricity generated by the hybrid energy system is pre-
sented in Table 19. The figures show that the sum total of electricity generated
(706,907 kWh/year) met the required electricity load (551,638 kWh/year) with a
combination of 67.8 % PV (479,125 kWh/year) and 32.2 % by diesel generator
(227,782 kWh/year) with excess electricity of 155,269 kWh/year. The excess
electricity could be used to cover potential energy losses and inefficiencies and
to take care of any unexpected electrical load and thus guarantee regular energy

supply.
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Table 19: Breakdown of PV-Diesel/LAB system electricity generation

Production kWh/yr %

Generic flat plate PV 479,125 67.8
Autosize Genset 227,782 322
Total 706,907 100

Components overview

The entire PV module of the system was comprised of 257 PV panels with a
capacity of 1 kW each (see Table 20). The panels would generate a mean output
of 1,313 kWh on a daily basis. In order to fulfil the total electricity generation
demand, a diesel generator would be running for 6 to 7 hours per day, thus pro-
ducing around 624 kWh of energy per day.

Table 20: Breakdown of PV-Diesel/LAB system components performance

PVs

Item Value Units
Rated Capacity 257 kW
Mean Output 54.7 kW
Mean Output 1,313 kWh/d
Capacity Factor 213 %
Total Production 479,125 kWh/yr
PV Penetration 84.6 %

Genset

Item Value Units
Hours of Operation 2,471 hrs/yr
Number of Starts 629 starts/yr
Operational Life 6.07 yr
Electrical Production 227,782 kWh/yr
Mean Electrical Output 92.2 kW
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(Continuation of Table 20)

Minimum Electrical Output 55 kW
Maximum Electrical Output 192 kW
Total fuel consumed 70,725 L
Avg fuel per day 194 L/day
Avg fuel per hour 8.07 L/hour
Lead acid battery bank

Item Value Units
Batteries 897 qty.
Autonomy 8.33 hr
Storage Wear Cost 0.419 €/kWh
Lifetime Throughput 717,600 kWh
Expected Life 6.95 yr
Losses 23,072 kWh/yr

On average, the total estimated fuel consumption per day would exceed 193 li-
ters, resulting in annual fuel demand of 70,725 liters. Electricity generated would
be stored in more than 250 lead acid batteries attached in strings. The genset and
the battery storage system would need to be fully replaced every 15 and 7 years,
respectively. Annually, the hybrid would suffer energy losses exceeding
23,000 kWh, or roughly above 3.3 % of the total energy production.

Emissions

Accounting for more than one-third of the energy generated, annually the diesel
generator is estimated to emit 181,131 kg of CO2 (see Table 21). By the end of
the project, the amount of CO2 would exceed 4.5 million kg. Among the other
emissions, the compound with the highest reported GWP is the nitrogen oxides.
Having an impact between 265 and 298 times bigger than the CO;, the NOx
gases, emitted on a yearly basis, would have the equivalent of around 320,000 kg
of CO», growing to nearly 8 million kg of CO» by the end of the 25-year period
[EPA2016]. The compounds with direct negative effect on human health are the
particulate matter. The exhaust gases of the genset are estimated to result in more
than 7 kg of PM each year.
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Table 21: Breakdown of PV-Diesel/LLAB system emissions

GHG Value Units
Carbon Dioxide 181,131 keg/yr
Carbon Monoxide 1,167 kg/yr
Unburned Hydrocarbons 50.9 kg/yr
Particulate Matter 7.07 kg/yr
Sulfur Dioxide 453 keg/yr
Nitrogen Oxides 1,096 keg/yr

4.2.7 PV-Diesel hybrid with Lithium Ion batteries

System description

The system relies partly on solar irradiation and conventional diesel-fueled gen-
erators as the energy sources (see Figure 9). The solar panels were HOMER’s
1 kW Generic flat plate PV. The energy is then stored in Generic 1 kWh Li-ion
batteries. Subsequently, the DC is converted to AC with System Converters, to
be distributed to households and commercial centers. After choosing all compo-
nents, HOMER calculated the results.
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Figure 9: Scheme of PV-Diesel/Li-ion system

HOMER simulation results

HOMER came up with 5 feasible solutions for this combination of components,
with varying sets of components. Some of the solutions excluded one energy
source or the other, making them non-hybrid systems. We chose the optimal one
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as suggested by HOMER, with solar as the main energy source would account
for 82.7 % of the entire energy inputs (see Table 22). This project would require
an initial investment of € 1.82 million.

Table 22: Cost summary of PV-Diesel/Li-ion system

Initial capital | Operating | NPC COE | Rate of re- | Simple pay- | Renewable
© costs (€) © © turn (%) back (yr) |Fraction (%)

1.82M 1.43M 3.54M | 0.202 9.4 % 9.4 82.7%

Economic analysis

The purchase of PV panels would absorb the biggest fraction of initial investment
0f'53.6 % (see Table 23). However, due to the long lifetime of panels that covered
the entire project operation of 25 years, there would not be any replacement cost
incurred. The panels’ O&M of € 102,646 would be the least costly compared to
other components. The second major component i.e. diesel generator set, would
represent merely 6.1 % of total capital cost. The O&M engaged for the generator
would be however, almost twice as high compared to the purchasing price. The
total genset O&M would account for 31 % of the system’s O&M. The positive
financial impact of modest capital cost would be further offset by the diesel fuel
procurement amounting to € 0.46 million or 12.6 % of the whole project cost.

The capital cost for Li-ion batteries would be the second most expensive with
€ 693,000, representing 38.1 % of the total initial cost. Its replacement cost of
€ 898,357 would take up 82.2 % of the total replacement cost. Regarding its
O&M, the storage system would cost € 364,857 or 53.9 % of the system’s O&M.
As in other renewable energy systems, the system converters would constitute
the lowest financial burden, requiring only 2.2 % and 4.7 % of the total initial
capital and replacement cost, respectively. This Li-ion storage bank would have
to be replaced every 14.9 years and by the end of the project, they would have a
salvage value of € 347,611, lowering the total cost by 8.6 %.

In the big picture of the project cost, the procurement, replacement and O&M
costs of the Li-ion batteries would constitute the most cost-intensive component,
with a total of € 1.61 million, or 44.4 % of project cost. PV panels and their O&M
would therefore be the second most expensive with € 1.08 million, accounting
for 29.8 % of project cost. The diesel generator followed PV panels with a total
of € 864,850, most of which would be utilized to finance diesel fuel purchase. As
in all other systems, system converters would be the least economically demand-
ing, with a total portion of meagre 2 % of the entire project cost.
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Table 23: Breakdown of PV-Diesel/Li-ion system components cost

Component Capital Replacement Oo&M Fuel Salvage Total
® (O] ® ® ® ()
Autosize Genset 110,000.00| 142,528.66| 209,949.21| 457,026.80 -54,654.66| 864,850.01
Generic 1kWh Li-Ion 693,000.00| 898,356.94| 364,857.12 0.00| -347,610.82| 1,608,603.24
Generic flat plate PV 974,811.53 0.00| 102,645.58 0.00 0.00| 1,077,457.11
System Converter 39,781.65 51,639.25 0.00 0.00 -20,482.83 70,938.07
System 1,817,593.19| 1,092,524.85| 677,451.92| 457,026.80| -422,748.31| 3,621,848.45

Energy output of the hybrid system

The breakdown of the electricity generated by the hybrid energy system is pre-
sented in Table 24. As much as 86.1 % of the power would be generated from
solar source and the remaining 13.9 % from diesel genset. This system reflects a
high dependence on solar power and when a transition to a 100 % solar system
is considered, there would not be a drastic change.

Table 24: Breakdown of PV-Diesel/Li-ion system electricity generation

Production kWh/yr %
Generic flat plate PV 605,154 86.1
Autosize Genset 98,077 13.9
Total 703,231 100

Components overview

As each PV panel has a 1 kW capacity, it means that in this particular system, a
total of 325 panels would be acquired (see Table 25). These panels generated a
mean output of 1,658 kWh per day. In respect of the second power source, diesel
genset, it would be operating for approximately 2 to 3 hours a day, generating as
much as 269 kWh. The generator would require 82.6 liters of fuel each day, to-
taling to 30,141 liters per year. After 15 years of usage, the generator would need
to be replaced. The electricity that has been generated by the two sources would
then be stored in roughly 700 units of Li-ion batteries. Similar to lead acid bat-
teries, Li-ion batteries also suffered energy losses. In a span of a year, there would
be a loss of 24,426 kWh or 3.5 % of the hybrid power generation.
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Table 25: Breakdown of PV-Diesel/Li-ion system components performance

PVs

Item Value Units
Rated Capacity 325 kW
Mean Output 69.1 kW
Mean Output 1,658 kWh/d
Capacity Factor 213 %
Total Production 605,154 kWh/yr
PV Penetration 100.7 %

Genset

Item Value Units
Hours of Operation 1,007 hrs/yr
Number of Starts 565 starts/yr
Operational Life 14.9 yr
Electrical Production 98,077 kWh/yr
Mean Electrical Output 97.4 kW
Minimum Electrical Output 55 kW
Maximum Electrical Output 192 kW
Total fuel consumed 30,141 L
Avg fuel per day 82.6 L/day
Avg fuel per hour 3.44 L/hour

Li-ion battery bank

Item Value Units
Batteries 1,155 qty.
Autonomy 14.3 hr
Storage Wear Cost 0.211 €/kWh
Lifetime Throughput 3,465,000 kWh
Expected Life 14.9 yr
Losses 24 426 kWh/yr
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Emissions

The combustion of 30,141 liters of diesel fuel evidently resulted in exhaust that
are a mixture of GHGs (see Table 26). Despite of its relatively small proportion
in this system, the genset produced 78,898 kg of CO; per year that might seem
low when compared to other systems, would however amount to a total of
1,972,450 kg of CO; by the end of the project. The most impactful compound
would be nitrogen oxides, as it has a GWP between 265 and 298 for a 100-year
timescale and a lifetime of more than a century [EPA2016]. The annual emission
of nitrogen oxides of 467 kg could be translated to 131,694 kg of CO, and at the
project expiration, the number would swell up to 3,292,350 kg. Another emission
that especially has a