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Abstract

Rural households represent, by far, the greater percentage of dwellings glo-
bally without access to the electricity supply. For reasons of low loads, dis-
tance from the grid and speed of deployment, distributed energy systems are
now considered viable options for rural electrification. This paper presents
the status of solar Photovoltaic (PV) in Nigeria and discusses the way forward
for aggressive PV penetration in Nigeria’s energy mix, especially in rural
communities. At present, distributed PV penetration in Nigeria is compara-
tively low based on the International Energy Association’s recommended PV
market potential. This shows that there is a gap between the government’s
policy targets and reality. The solar resource potential across the six geo-political
zones in Nigeria is also presented, which ranges from 3.393 - 6.669 kWh/
m’/day, with the Northern zones exhibiting better potentials over the South-
ern zones. It is shown that the levelised cost of electricity from PV system
ranges from 0.387 - 0.475 $/kWh, whereas it is 0.947 US$/kWh and 0.559
US$/kWh for the diesel generator and glass-covered kerosene lamp, respec-
tively. While this study shows that PV for rural household lighting is more
affordable as compared to glass-covered kerosene lamps and fossil-fuelled
generators for lighting, fiscal and energy policies for market creation are crit-
ical if PV systems are to deliver on their promise for rural electrification and
climate change mitigation.
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1. Introduction

There is a growing interest in the development and deployment of renewable
energy technologies (RETSs) as a result of the rapidly declining cost of solar pho-
tovoltaic (PV), climate action and energy security. These qualities form the bases
for the search for clean, adequate and affordable energy solutions, as stipulated
in the No. 7 of the 17 Sustainable Development Goals (SDGs) [1]. Clean, ade-
quate and affordable energy supply in a nation state means the provision of
technologies (skills and infrastructures) capable of producing and supplying
adequate and uninterrupted energy to meet household, corporate and national
energy demands [2]. However, there is a significant access gap in electrical
energy globally where about 1.3 billion people live without electrical energy [3].
Sub-Saharan Africa accounts for over 600 million people of the population of
people living without electricity, which can be attributed to the poor develop-
ment progress, both in technological development and human development, of
the sub-Saharan Africa nations [4].

There is sufficient evidence from the literature that suggests a correlation be-
tween the application of renewable energy technologies (RETs) and sustainable
development [5]-[14]. As a result, the use of PV systems for the generation of
electrical energy has been rapidly increasing globally. PV systems are now seen
as important options for bridging the gap between the current electrical energy
supply and demand through a wide range of applications [3] [9] [15] [16] [17].
PV systems have gained significant acceptance and application in the developed
nations with Germany leading the pace, after China, having installed capacity of
about 40 GW [18]. However, Africa’s total cumulative installed capacity of PV at
the end of 2015 remains very low at 2.1 GW, which amounts to just above 5% of
Germany’s installed capacity. This comparatively low penetration level is para-
doxical given that countries across Africa are endowed with abundant solar in-
solation levels.

Nigeria lies between 4 - 14°N and 3 - 15°E with a land area of about 923,800
km® Nigeria is the most populous country in Africa with about 170 million
people and comparatively very large primary energy potentials. However, Nige-
ria is useful-energy starved as only about 10% of the rural dwellers and 40% of
the urban dwellers have access to the national electricity grid supply [19]. Nige-
ria has the highest duration of a power outage in Africa [20]. Out of the pro-
jected daily peak electricity demand of 25,800 MW in Nigeria, the average daily
peak supply is 3140 MW—87.8% unsatisfied projected demand—with about
20% distribution/transmission loss. Specifically, the total installed capacity of the
power plant is currently at 12,522 MW; whereas, non-available capacity is about
5500 MW and non-operational capacity is about 3200 MW [19] [21]. Nigeria’s
electrification rate is estimated to be 45%, whereas Ghana and Morocco parade
superior electrification rates of 72% and 98%, respectively, over Nigeria [22] [23]
[24]. Although Nigeria’s electrification rate is on a steady increase, but the rate

of growth falls short of meeting electricity demand as the country’s electrical
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energy generation growth rate is put at 93% over 20 years horizon, whereas In-
donesia and Bangladesh growth rates are, respectively, put at 372% and 451% in
the same time horizon [24]. The current underperformance of the Nigerian
electricity system can be attributed to a number of reasons: weak political will to
invest in the energy sector, limited transmission and distribution network, the
poor maintenance culture, grossly inadequate production capacity, the disrup-
tion of the system by conflict, vandalism, lack of continuity in government’s
energy plans/projects, and the economic sabotage [2].

The Federal Government of Nigeria (FGN) has made some efforts to expand
the energy mix to include conventional energy generation (fossil-driven), RETs
and nuclear energy technology. However, the energy mix is currently tilted to
the conventional energy generation, and the available energy policies suggest
that the conventional energy generation will continue to take up a large share of
the energy mix, implying increased contribution to negative environmental im-
pact and energy insecurity [25]. Whilst conventional systems will remain im-
portant for Nigeria’s energy mix, RETs also offer new possibilities for areas
where access is low and supply is unreliable. Nigeria has the potentials for clean-
er energy development—namely wind, solar, hydro etc. It is estimated that Ni-
geria receives 3.5 - 7.0 kWh/m?/day of solar insolation [26]. The solar insolation
across Nigeria is greater than that across Germany by about 60% - 83%, yet the
installed solar capacity in Germany is about 12 times greater than the total peak
electricity generation in Nigeria. In addition to the favourable renewable re-
source base for energy applications, PV electrification has an added advantage of
being among the shortest project lead times in power generation projects. This is
very crucial in Nigerian political landscape where the lack of continuity in gov-
ernment’s plans/projects after a preceding government often leads to abandon-
ment of projects [27].

Shaaban and Pentinrin [28] articulated the existing FGN’s energy policies and
proposed energy policy pathways that would induce RET utilisation in the
country. However, energy policy pathways without adequate consideration of
the economic affordability of the rural dwellers or the energy entrepreneur may
be an effort in futility [29] [30]. Akuru et al. [31] positioned that the current ef-
fort of the Nigerian government to provide adequate, available and stable elec-
trical energy can only be achieved by rapid diversification of sources of electrical
power in the country. They stressed a model scenario and field experience that it
is much easier to achieve 100% renewable energy through the individual instal-
lation of renewable energy technologies, with solar PV playing a major role.
However, economic index (especially from the rural dwellers perspective) that
surrounds solar PV utilisation for individual installation was not addressed.

Nwokocha et al. [32] showed that PV is a more viable RET option for provid-
ing sustainable energy needs in Nigeria, especially for the rural dwellers. The
authors also suggested pointers to solve PV utilisation in Nigeria. However, af-
fordability of PV energy utilisation was not addressed, even though many au-
thors have suggested that economic challenges should be given utmost priority
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for the general acceptance of PV in sub-Saharan Africa, and to simultaneously
achieve the objectives formulated in the SDGs [33] [34].

The SDGs’ objectives support universal access to electric lighting. The lack of
electricity in the majority of the rural communities and the erratic electricity
supply in the urban communities of sub-Saharan Africa favour the lighting op-
tions driven by kerosene lamps, candle, wood and other fossil powered conven-
tional lighting devices [35]. Replacing fossil powered lighting devices with mod-
ern lighting appliances is an important aspect of meeting the SDGs’ objectives
[36]. The fossil-based lighting devices are attributed to public health and safety
risks [37]. PV driven lighting appliances enhance community life through socia-
lising, longer hours of studying and reading, cooking, commerce, night-time se-
curity, health care and many others [38].

The poor PV penetration in Nigeria could be attributed to some identified
barriers; namely lack of awareness and information about PV technologies, high
initial investment cost, perceived high cost of unit energy consumed, lack of
technically skilled personnel, government policy and incentives, ineffective qual-
ity control of products, government weak political wills towards PV utilisation
and vandalism of PV infrastructure [3] [8]. All these barriers could be grouped
into cost-effectiveness/affordability issues, issues with financing, techno-manage-
ment related issues and policy issues. The affordability and policy issues have
been identified as the epicentre of the obstacles to PV penetration in Nigeria
[39]. However, evidence from available literature indicates that decentralized
sustainable solar electrification systems offer keyways to unlocking the electricity
access problem in Nigeria [40].

PV rural electrification is gaining significant research attention in recent dec-
ades, most especially in the developing nations. The affordability and appro-
priateness of PV rural electrification in sub-Saharan Africa (SSA) countries were
conducted by Baurzhan and Jenkins [39]. The authors showed that PV is appro-
priate for rural electrification in SSA. The authors, however, noted that while
costs of PV electrification have come down dramatically across the globe, the
costs in SSA remain much higher than the world average due to a variety of rea-
sons including the cost of imported components. Hence, the high cost of elec-
tricity generation from PV in SSA is often offset by support from donors to
make these systems affordable for rural households. The establishment of a Ni-
gerian PV panel manufacturing plant at Karshi (Abuja) with a capacity of 7.5
MW/year in 2014, a joint venture involving the National Agency for Science and
Engineering Infrastructure (NASENI) and a foreign partner, may bring down
the cost of PV systems, which would make PV electrification more competitive
in Nigeria. The affordability index of solar PV driven lighting appliances, from
the perspective of the rural dwellers, has not been matched with the fossil driven
lighting devices in the available literature in the public domain. This paper,
therefore, aims to establish the current PV penetration in Nigeria’s energy mix
and to address the PV unit cost of energy and its affordability index against se-
lected fossil driven lighting options across the six geo-political zones of Nigeria.
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2. Methodology

The methodology adopted in this paper is divided into four major components,
as shown in the research methodology framework presented in Figure 1. The
research framework is intended for order and ease of adaptation of the research
methodology. The research framework is fashioned to promote input-output re-
lationship as the outputs from a phase form the inputs of subsequent phases.
Boundary and assessment of the current PV penetration in Nigeria are presented
in Section 2.1. Section 2.2 is on the assessments of solar resource and electrical
load demand, which gives input to the technical feasibility study and financial
pre-feasibility studies, as shown in Section 2.3. Furthermore, Section 2.3 presents
the optimal design of a standalone PV system under the prevailing tech-
no-economic conditions. Section 3.4 is on sensitivity analysis, which focuses on
the competitiveness of PV under identified technical or economic or policy pa-

rameters.

2.1. Boundary and Assessment of Current Solar PV Penetration

Nigeria has a population of about 170 million people and comparatively very
large primary energy potentials. About 93 million Nigerians live without elec-
tricity, with the majority concentrated in the rural communities. The country is
divided into six geo-political zones, namely North-Centre zone, North-East
zone, North-West zone, South-East zone, South-South zone and South-West
zone, which are delineated in Figure 2 [41]. Abuja serves as the Federal Capital
Territory, which is the administrative centre of the country. Nigeria has 36 fede-
rating units called the states, with an average of six states per a geo-political
zone.

The Federal Government of Nigeria (FGN), through the National Renewable
Energy and Energy Efficiency Policy (NREEEP), plans to vigorously pursue the
deployment of PV in its electricity generation [19]. The NREEEP targets 117
MW, 1343 MW and 6830 MW solar electricity generation capacity by the year
2015, 2020 and 2030, respectively. The NREEEP solar electricity generation pro-
jections are based on off-grid and on-grid power and a base capacity of 12,500

MW of self-generation. The 2015 estimation of PV installation in Nigeria is put
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Figure 1. Research methodology framework.
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Figure 2. Nigeria map showing geo-political zones [41].

at 15 MW, without the consideration of PV (Pico) and other small power rat-
ing appliances [24]. Though the NREEEP targets are based on total solar PV
(off-grid and grid-tied) and solar thermal installations, but the gap between the
NREEEP target for 2015 and the real PV installation on the ground is significant
since there is no evidence of grid-tied PV electrification in the year 2015, even
up to the third quarter of 2019. The gap may be attributed to some of the identi-
fied challenges facing renewable energy technology utilisation in sub-Saharan
Africa countries [42]. However, inadequate economic evaluation of RET sys-
tems, technology-know-how, and improper implementation, monitoring and
evaluation of energy policies may be considered as the most prominent chal-
lenges militating against RE utilisation in Nigeria. Ozoegwu et al [43] suggested
that a holistic evaluation of economic affordability of RET, backed with worka-
ble government energy policy, is a priority in diffusing RETs to the rural com-
munities. Much was made of the fact that the FGN’s National Agency for
Science and Engineering Infrastructure’s (NASENI) PV panel manufacturing
plant at Karshi (Abuja) would stimulate the rapid deployment of PV systems
across Nigeria. However, this ambition is yet to be materialised as the 7.5 MW
annual production capacity of NASENI PV panels, without considering the fre-
quent below capacity production, is still too low to transform the solar energy
industry [8] [26] [44].

The FGN’s efforts towards solar electrification seem to be heavily tilted to-
wards grid- and mini-grid-connected electrification. The FGN’s efforts, through
the Nigerian Bulk Electricity Trading (NBET), may increase the share of
grid-connected PV by 1167 MW in the year 2025 [45] [46] [47] [48]. The
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grid-connected PV projects have not progressed satisfactorily as expected since
none of the projects has reached financial close in the first quarter of 2018 after
the Power Purchasing Agreements (PPAs) were signed in 2016. It is often argued
that large grid-connected mega-watts PV project are considered to be relatively
cheap compared to the stand-alone PV applications. However, this logic ex-
cludes the majority of the rural communities that are not connected to the na-
tional grid. Connecting such remote and dispersed communities to the national
grid may not be possible in the short and medium terms, for reasons of high fi-
nancial investment required to achieve this goal under the existing FGN’s energy
plans [26]. Hence, for the about 93 million Nigerians with no access to electricity
[49], smaller-scale off-grid PV systems application could be considered as a
promising solution to address the immediate electricity needs at the household
and institutional levels such as rural health centres, telecommunication, water
pumping and schools. Often these entities either operate with no electricity or
operate unreliable diesel systems, and the adoption of PV offers one way to meet
the energy security challenge that is facing the rural communities. There are
evidence of on-going off-grid PV projects in the country. For example, the Lagos
State Government, in collaboration with the UK Department for International
Development, is currently developing a 5 MW off-grid of PV electrification to
power public schools and healthcare centres within the Lagos State. The Bank of
Industry is currently running a 24 kW off-grid PV electrification project in Ka-
duna State [47] [48]. Observation has also shown that a number of wealthy
homes and businesses are using PV to argument the unreliable electricity supply
from the national grid.

However, a need assessment conducted in 2018 suggests that there is a signif-
icant gap between energy demand and supply in Nigeria and that the country
needs to connect between 500,000 to 800,000 households per year (about 2.5 to
4.0 million people per year) to achieve universal access to electricity by 2030. Be-
sides the household energy access, aggressive energy supply for productive
end-uses is also desirable [50]. The evidence on the ground shows that there is a
significant gap between the NREEEP targets for 2020 and the reality [50] [51],
which may also hold for the other targets since the FGN’s on-grid PV projects
have not progressed beyond signing of PPAs. It is evident that the NREEEP tar-
get penetration is able to meet the International Energy Association’s potential
market' potential market by the end of 2020 and beyond, but it may not be
possible to meet the targets judging from the current PV penetration in the
country. The implication is that a majority of the rural dwellers will continue to
live without the modern energy in Nigeria since there is a gap between the cur-
rent penetration and the IEA’s potential market. The off-grid energy solutions,
in which solar electrification plays prominent, were tipped to meet the energy
demand of the rural communities in the medium term since the grid is chal-

lenged with a limited and weak network [50]. Here lies the significance of a

'According to the International Energy Association, the potential market for solar household sys-
tems is 20% of the total population without access to electricity [52].
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proper energy policy and intensive energy research and development efforts to

intensify the PV penetration in rural communities.

2.2. Assessment of Solar Energy Resources and Load Demand

2.2.1. Solar Resource Assessment

The Nigerian Meteorological Agency (NIMET) database and the Typical Me-
teorological Year (TMY2) data, which include solar irradiance and ambient
temperature, from both the NASA Surface Meteorology database and US Na-
tional Renewable Energy Laboratory (NREL) database serve as the sources of
data for the assessment. The data retrieved from NREL are in good agreement
with onsite solar data obtained from meteorological stations in Africa continent
as presented in the literature in the public domain [53]. In what follows, the
TMY solar resource assessment is adjudged adequate for long-term solar energy
system performance evaluation. The solar energy assessment was done for the
entire country by triangulation according to the six geo-political zones. The tri-
angulation identified six representative sites, which cover the entire country, as

shown in Table 1.

2.2.2. Electrical Energy Demand Assessment

There are varied daily energy demand profiles reported in the literature for Ni-
geria households [54] [55] [56]. The variation in the energy demand profile
could be attributed to the location of the building, income of dwellers, access to
the national grid, energy management, attitude towards energy consumption
and the type of energy demand (electrical and thermal). However, the daily
energy demand profile presented by Diemuodeke ef al [56], replicated in Figure
3, which may be biased towards the SS zone, is considered to be a typical elec-
trical energy demand profile of a rural household without access to the national
grid. Therefore, the daily electrical energy demand profile presented in Figure 3
is adopted as the representative household demand load. The total daily electric-
al energy demand of the representative household is 7.23 kWh/day, which is
2.638 MWh annual electrical energy demand, with 9.5% (~0.68 kWh/day) of the
total daily electrical energy consumption representing energy demand for light-
ing. The daily energy consumption of the representative household seems ade-

quate in comparison with estimates presented in the open domain [45] [54] [55]

Table 1. Representative sites for solar resource assessment.

Geo-political zones Representative Site Geographical location ~ Elevation (m)
North-Centre (NC) Abuja 9°4.6'N, 7°23.9'E 476
North-East (NW) Maiduguri 11°49.9'N, 13°9.1'E 354
North-West (NW) Gusau 12°9.8'N, 6°40.5'E 451
South-East (SE) Enugu 6°27.5'N, 7°32.8'E 142
South-South (SS) Port-Harcourt 4°48.9'N, 7°3.0'E 20
South-West (SW) Ibadan 7°22.7'N, 3°56.8'E 181
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Figure 3. Typical household daily electrical energy demand [56].

[57] and the doubling effect of electricity demand every 12 years. As suggested in
[58], the proposed energy system could serve both the medium energy demands
(7.23 kWh/day) and low energy demands (under 0.8 kWh) consumers in order
to adequately drive the SDG 7 access agenda.

2.3. System Modelling

A standalone PV system is considered for modelling. The system configuration
of the standalone system or remote area power supply system comprises PV ar-
rays, batteries, inverter, charge controller and balance-of-system. To assess the
feasibility and the optimal design of a standalone PV electrification system, the
HOMER software> was used for the modelling. Optimisation and sensitivity
computational algorithms of the HOMER software allow the rapid and robust
techno-economic evaluations of various energy technology options by account-
ing for the cost of energy alternatives and availability of renewable energy re-
sources. The HOMER software has high computation fidelity within the comity
of hybrid energy system design platforms. The HOMER uses the load demand,
the resources, the details of the components (with costs), the constraints, the
systems control and the emission data as an input to simulate various feasible
configurations and ranked by the net present cost (NPC). The NPC, which is the
present cost of the system minus the sum of revenues, serves as the objective
function, with charging and discharging of the energy storage device, power
balance and other techno-economic considerations representing the constraints.
HOMER obtains the best system configuration after balancing energy demand
and supply for each hour of the system simulation [59].

The power output of PV arrays, which generate direct current (DC) voltage
when the solar irradiance incident on the PV arrays, can be estimated according
o [60] [61]:

’The HOMER, which stands for Hybrid Optimisation Model for Electric Renewable, was developed
by the US NREL for both grid-tied and stand-alone energy applications.
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Pout = Pratea' Xfpv [GiJX[I_{_KT,PV (TL —Tm.):| (1)
ref

where P, (kW) is rated power of the PV panel at standard test condition
(STC), S (%) is the PV derating factor, G, (kW/m?) is the radiation at
STC, G (kW/m’) is the global solar irradiance incident on the PV surface, K,
(-) is the temperature coefficient of the PV module, T, (°C) is the cell tem-
perature at STC and T, ("C) is the PV cell temperature. The PV cell tempera-
ture can be approximated as 7, =T, , +0.0256G according to Duffie and
Beckman [62], respectively; where 7, , is the ambient temperature. It should
be noted that the PV module efficiency is moderately dependent on wind and
humidity according to [63] [64], and as such, the effects of wind and humidity
were not considered in the current analysis.

The excess DC power generated by the PV is stored in a battery at fixed round
trip efficiency. The battery storage capacity can be computed as follows [60]:

CWh = (EL X Daut )/(ninv X 773”,, X DOD) (2)

where E,, D,,> 1,.> Mg, and DOD are the average daily load energy (kWh/
day), the number of days of battery autonomy, the inverter efficiency, the battery
efficiency and the battery depth-of-discharge.

The NPC or the Net Present Value (NPV) of a system can be related to the
Annualised Life Cycle Cost (ALCC) of the system, which represents the present
day worth of money, as [60] [65]

ALCC = F (i, N)NPC (3)
where F (i, N ) is the system capital recovery factor, which is related as;
i(1+i)"
F(i,N)=——7— (4)
() (1+i)" -1

The levelised cost of electricity (LCOE), which represents the average cost per

kWh of the electrical energy generated by the system, can be calculated as;

LCOE = ALCC

©)
where E, (kWh/year) is the actual electrical energy served by the system.

All the basic technical and economic calculations, Equations (1) through (5),
are appended in the HOMER Software computational algorithm.

The economic merit of an energy system could also be measured using the
break-even point (BEP) or the payback time (PBT), in years, which accounts for
the number of years it would take to fully recover the initial capital investment.
The simple analysis of BEP can be done using Equation (6).

BEP = Covr

- 6
E, *UEC ©

where C,,,, ($) and UEC ($/kWh) are, respectively, initial capital investment
and cost of a unit of electrical energy consumed, which is taken as 0.434 $/kWh

DOI: 10.4236/jpee.2021.95001

10 Journal of Power and Energy Engineering


https://doi.org/10.4236/jpee.2021.95001

0. E. Diemuodeke et al.

according to the proposed feed-in-tariff presented in the draft Renewable Energy
Master Plan (REMP) of the Energy Commission of Nigeria [66].

Component Assessment
The cost estimates presented in Diemuodeke et al [58] for a solar Photovoltaic
electrification system are adopted for the current analysis.

PV Arrays. The PV panel estimated cost is US$ 2.5/W,; the replacement and
maintenance costs are respectively, US$ 1.9/W, and US$ 100/year. The cost,
which includes a support structure, civil work, the balance of system and land
acquisition, is predicated on the extensive research on the Nigerian market. The
PV panel is rated 250 W, (at 1000 W/m? and 25°C) and 31 V, with a derating
factor of 90%, and 14% module efficiency. The expected lifespan of the PV panel
is assumed to be 25 years [15].

Batteries: The cost of the battery is US$ 300 and US$ 240 for capital and re-
placement, respectively, in the Nigeria economy, with the following nominal
performance specifications: 6 V maximum power voltage, 230 Ah (1.38 kWh)
capacity and 85% battery efficiency. The suggested battery has a life span of 5
years.

Converter. The converter embodies the inverter and the charge controller,
with an estimated cost of US$ 0.30/W and 90% efficiency. The lifespan of the
inverter was estimated at 15 years. The converter has the capacity of meeting the
power demand of the household.

Economic input. The prevailing discount rate and depreciation under Nige-
ria’s stable economy are adopted as 9% and 8%, respectively, according to [25]
[56]. The project lifespan is considered to be 25 years to match the PV panel life
span. However, PV panels are warranted between 25 and 30 years life span [15];

this will form the basis for some of the sensitivity analyses.

3. Results and Discussion

3.1. Results of Solar Resource Assessment

Figure 6 represents the monthly averaged solar irradiance of the selected sites
within the six geo-political zones of Nigeria. The potential of PV is dependent on
solar irradiance and the clearness index. The monthly averages of the available
daily solar data of the sites were considered. The monthly and annual averaged
solar irradiance range between 3.393 - 6.669 kWh/m?*/day and 4.419 - 5.813
kWh/m?*/day, respectively, and varies along the geo-political zones, as shown in
Figure 6, which can be validated by the Nigeria solar map presented in
SOLARGIS website [67]. The variation is attributed to the different climatic
conditions found in the country—Sahel Savannah, Sudan Savannah, Guinea Sa-
vannah, Tropical Rain-forest and Mangrove Swamp-forest. The minimum and
maximum solar insolation occur in the Mangrove Swamp-forest (the South-South
zone) and the Sahel Savannah (the North-West), respectively. Specifically, the
Northern zones feature climatic conditions of a tropical dry climate, with raining
season setting from June through September; whereas the Southern zones fea-
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ture tropical dry and wet climatic conditions (double rainfall maxima) which
can be attributed to an inter-tropical convergence zone passing through the sites
in the Southern zones [45]. The average solar irradiance suggests that between
the month of June and September the irradiance is low. The months between
June and September are associated with the raining season. However, the
months between January and June feature the highest solar irradiance, which are
associated with the dry season. The months of November and December feature
moderate solar irradiance; these months are associated with the Harmattan sea-
son. The comprehensive data of the solar radiation data presented in Figure 4
serve as input data for the techno-economic analysis of the PV energy system as
demonstrated in [58].

In all the sites considered, the Northern geo-political zones have better solar
irradiance than the Southern geo-political zones. However, it can be inferred
from the solar irradiance data that Nigeria has a good potential for solar energy

conversion system, PV for example.

3.2. Results of Techno-Economic Analysis

The extensive cost estimates of the PV components presented in Section 2.3.1
are used as the input data for the optimal system design and the sensitivity anal-
ysis on the HOMER software platform. Table 2 shows the optimal design results
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Figure 4. Solar radiation data.

Table 2. Design results for fixed tilted surface.

Geo-political ~ Solar Battery Converter ~ COE Initial NPC Payback
zone PV (kW) (kWh) (kW) ($/kWh) Investment ($) ($)  Time (Year)
NC 2.62 11 1.10 0.412 10,187 23,132 9.30
NE 2.10 11 1.03 0.387 8,850 21,707 8.08
NwW 1.99 11 1.45 0.387 8,705 21,662 7.94
SE 2.78 15 1.21 0.447 11,806 25,048 10.77
SS 3.30 16 1.04 0.475 13,361 26,665 12.19
SW 2.82 14 1.00 0.438 11,544 24,578 10.53
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(PV capacity, battery capacity, converter rating, cost of unit electricity generated,
amount of initial investment, net present cost, and payback time) for a standa-
lone PV system under fixed tilted surface configuration. The fixed tilted surface
orientation takes the latitude of the representative sites as the inclined angle,
with the surface facing south. The results for the fixed tilted surface show that
the designed capacities of the PV arrays and battery-bank are lowest in the NW
(1.99 kW, and 11 kWh); followed by NE (2.10 kW, and 11 kWh), NC (2.62 kW,
and 11 kWh), SE (2.78 kW, and 15 kWh), SW (2.82 kW, and 14 kWh) and SS
(3.30 kW, and 16 kWh) geo-political zones in that order. The battery-bank ca-
pacity has 31 hours electricity supply autonomy. The PV system is able to power
the representative household’s electrical energy demand for 8322 hours per year,
which is 95% availability or 5% loss of load probability. The results are margi-
nally in agreement with the PV arrays and battery-bank capacities obtained for
three geo-political zones in Okoye et al. [45]; NW (1.26 kW, and 18.82 kWh), SE
(2.92 kW, and 18.82 kWh), and SW (2.84 kW, and 18.82 kWh), with 48 hours
electricity supply autonomy. The difference may be attributed to the 5.4 kWh/
day household electrical load, the 48 hours battery bank autonomy, the different
representative sites, the intuitive design method and the 2% loss of load availa-
bility probability adopted in Okoye et al’s [45] methodology. It should be stressed
that the intuitive method is vulnerable to over-designing or under-designing of the
PV system since intuitive modelling does not consider subsystems components
interaction [45].

The levelised cost of electricity (LCOE) and payback time obtained for a fixed
tilted surface range between 0.387 - 0.475 $/kWh and 7.9 - 12.2 years, respec-
tively, see Table 2 for the details. The LCOE values obtained for the Northern
zones are comparable to the LCOE of 0.390 $/kWh reported by Adaramola ef al.
[68] for a PV-hybrid system in the North. On average, the Northern part has
LCOE of 0.395 $/kWh, and the Southern part has LCOE of 0.453 $/kWh. This is
expected as the Northern zones have better solar insolation compare with the
Southern zones. Therefore, PV electrification in the Northern zones has more
economic competitive advantage over PV electrification in the Southern zones.
However, the PV electrification is technically viable (favourable) in all the
geo-political zones, since Germany with 2.75 kWh/m?/day average solar insola-
tion has installed PV capacity that is about 12 times more than the total peak
electricity generation in the country.

The 0.423 $/kWh average PV LCOE is relatively high when compared to the
0.105 $/kWh regulated unit cost of grid electricity generated from the conven-
tional power plants. However, it should be noted that the real unit cost of elec-
tricity from the conventional power generation ranges from 0.080 - 0.109
US$/kWh without the consideration of about 20% distribution/transmission
losses [69]. The comparison of off-grid PV electricity generation with grid-connected
electricity may not be adequate. Moreover, most of the conventional power
plants (fossil-fired power plants) do not support green power generation, which

are detrimental to the environment with associated climate change impacts. The
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global drive for PV application is to electrify the teeming population living in the
rural communities that do not currently have access to the national grid because
they are far from the national grid, and are located in remote and rugged ter-
rains with very low energy demand. It is, therefore, necessary to match the leve-
lised cost of electricity from PV with the rural dwellers’ monthly income, as
demonstrated in the next section.

Figure 5 shows the levelised cost of energy distribution across solar PV, con-
verter and battery. A similar pattern of cost distribution emerges across all
zones. On average, it is shown that the battery, constitutes 67% of the total
LCOE, followed by 30% and 3% for PV and inverter, respectively. The battery’s
high percentage contribution is attributed to the frequent replacement (5 times)
of the battery over the project’s life of 25 years. The implication is that the bat-
tery has the strongest effect on the overall system’s LCOE, whereas the inverter
has a moderate effect on the LCOE of the proposed standalone PV system.

3.3. Solar PV Affordability

The estimated initial cost of investment is in the range between 8850 - 13,361
US$ per household with a daily electrical energy demand of 7.23 kWh, see de-
tails in Table 2. The Northern zones parade the least cost, and the Southern
zones have the highest cost of investment. This observation is attributed to the
better solar irradiance in the Northern zones over the Southern zones. In the
absence of innovative financing mechanisms, the vast majority of the rural
dwellers are not in the economic position to afford the huge amount required for
an up-front payment of the PV electrification system. This may be attributed to
the low income, and pulsating and seasonal income from the agricultural sale
that are associated with the rural farmers since a majority of the rural dwellers
are into farming. However, PV electrification may not be completely out of the
reach of the rural households, but would require designing locally and nationally
appropriate financing mechanism. It is expected that the FGN is able to drive the

PV utilization, through recognised energy professional and Non-Governmental
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Figure 5. LCOE distribution across components.
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Organisation (NGOs), by establishing PV information dissemination units in all
the LGAs and political wards in the six geo-political zones.

There are no available data on the average monthly income of households in
the rural areas of Nigeria. However, the Nigerian national minimum wage cur-
rently in force [70] is adopted to compute the average monthly income of a rural
household to obtain about 195 US$’. Assuming a typical rural household that
wishes to meet only lighting demands from 6 to 7 am and 7 to 11 pm (Z.e. light-
ing device is used about 5 hours) according to [70], which gives about 9.2%
(about 0.665 kWh/day) of the total daily energy demand for lighting. Using the
estimated LCOE for the six geo-political zones, as the maximum acceptable cost
of energy, the annual cost of PV for lighting in the zones is shown in Table 3. It
should be noted that the economy of scale is not considered in the adoption of
the 7.23 kWh/day estimated LCOE as the LCOE for the only lighting scenario.
The adoption was made on the premise that the PV power will be provided by
energy entrepreneurs, which are driven by profit margin. The table also presents
the annual cost of diesel generator and glass-covered kerosene lamp (GKL),
which are the most common lighting sources in rural households. The LCOE of
diesel generator (DG) is estimated to be 0.947 $/kWh*, and the LCOE of a
glass-covered kerosene lamp is estimated to be 0.559 $/kWh>.

Table 3. Lighting affordability index.

Geo-political zones

System
NC NE Nw SE SS SW Average

PV annual cost (US$) 97.54 91.62 91.62 105.82 112.45 103.69  100.46
DG annual cost (US$) 231.24  231.24  231.24  231.24  231.24  231.24 231.24

GKL annual cost (US$) 136.50 136.50 136.50 136.50 136.50 136.50 136.50

ATl of PV (-) 4.17 3.92 3.92 4.52 4.81 4.43 4.29
Al of DG (-) 9.88 9.88 9.88 9.88 9.88 9.88 9.88
AT of GKL (-) 5.83 5.83 5.83 5.83 5.83 5.83 5.83

*The Nigerian national minimum wage is about US$ 65/month at an exchange rate of US$ 1 = N 279
[70]. The average number of persons in a household in Nigeria is estimated to be five (5) by the Na-
tional Population Commission, with at least three (3) persons are above 18 years [71]. Therefore, it
is assumed that a household has an average of three (3) income-earner members.

“The LCOE of the diesel was computed based on market survey data as follows: unit cost of genera-
tor is 600 US$/kW (including balance of system), replacement cost is 500 US$/kW, fuel cost 1.10
US$/Litre, maintenance cost is 0.015 US$/hour and service life is 15,000 hours.

*The LCOE of kerosene lamp is computed based on data from survey (market and rural dwellings)
and the literature. The average unit cost of glass-covered kerosene lamp (250 mL) is US$ 5.2, the
maintenance cost is about 5% of the capital cost, the lifespan is about 2 years, the fuel cost is 0.9
USS$/Litre, the Lower heating value is 43,200 kJ/kg [72] [73], the density of kerosene is 810 kg/m’, the
fuel usage is 8.4 g/h and average of 3 lamps per household. There was no available energy conversion
efficiency in the open domain, but the value of 12% was adopted by indirect computation—

Teon = i , where 7,, and 7, are theoretical luminous efficacy (0.65 Im/W [73]) and experi-

el

mental luminous efficacy (0.081 Im/W [72]), respectively—which seems to be adequate.
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Table 3 shows the lighting affordability index (AI)®, here defined as the per-
centage of the annual household income that is used to settle the annual house-
hold lighting bill. The household expenditure on PV lighting system is the most
affordable, with an affordability index of 4.18%, among the three lighting alter-
natives considered. It is followed by the glass-covered kerosene lighting device,
with an affordability index of 5.83%, and the least is the diesel generator, with
9.88% affordability index. Besides the poor affordability displayed by the diesel
generator and glass-covered kerosene lamp, both have detrimental effects on the
environment, which manifest in climate change and health hazards. The glass-
covered kerosene lamp impairs on indoor air quality and poses danger to the
health of the household occupants. The PV energy system is more affordable in
the Northern zones (affordability index ranges from 3.81% - 4.06%) compared
with the Southern zones (affordability index ranges from 4.32% - 4.68%).

The affordability index analysis undermines the initial cost of investment of
the PV system, which is considered to be above the reach of the rural dwellers.
However, it is expected that FGN’s friendly fiscal and energy policies towards
the PV rural electrification, accompany by appropriate funding mechanisms,
would absorb or cushion the effect of initial capital cost. These will be demon-
strated in the sensitivity analysis, which aims at unveiling the scenarios that

would make PV electrification more economically competitive in Nigeria.

3.4. Results of Sensitivity Analysis

The discount rate on capital investment, PV panel cost, PV lifespan, battery life,
and operating feed-in-tariff have been identified to have a strong effect on the
economic competitiveness of PV energy system. Therefore, these factors are va-
ried according to the techno-economic range of the factors as recommended in
the literature [3] [5] [16] [44] [45] [74] [75].

3.4.1. Discount Rate on Capital Investment

Figure 6 shows the sensitivity analysis of the discount rate on capital investment
and its effect on the unit cost of electricity produced. The discount rate values
range from 0% - 12%, with ten years (2007-2016) historic average of 9% [76]. On
average, it is shown that the PV has a superior LCOE over the other two tech-
nologies. Increasing the discount rate reduces the gap between the PV LCOE
and, GKL and DG LCOEs. It is observed that the GKL LCOE is moderately sen-
sitive to the discount rate. At 0% discount rate, which is equivalent to the rec-
ommendation presented in REMP, the average unit cost of electricity is 0.261
$/kWh for the PV, at 5% loss of load availability probability, with corresponding
percentage decrease of about 38%. The average LCOE value at 0% gives afforda-
bility index of 2.57% for the PV, which is much more affordable; whereas at 6%

discount rate, the average affordability index is 3.56%, with 15% corresponding

365 * LCOE * Energy Demand/day <100 = 365 * LCOE * Energy Demand/day <100
Annual Income - 12 x Monthly Income '

‘The Al=
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Figure 6. Effect of discount rate on the LCOE.

percentage decrease in LCOE. The implication is that the discount rate has a

strong effect on the affordability of the PV system.

3.4.2. Effect of Solar PV Cost

The effect of PV panel cost on the levelised cost of electricity is presented in
Figure 7. The figure shows that decreasing the cost of PV panel decreases the
LCOE, making PV more superior to both DG and GKL. It is shown that de-
creasing the cost of PV panel by 50% results in a corresponding decrease in both
the LCOE and the affordability index by about 14%. The implication is that the
smaller the solar PV cost the more economically competitive of PV over DG and
GKL.

3.4.3. Effect of Solar PV Life

The effect of PV panel lifespan on the levelised cost of electricity is presented in
Figure 8. The figure shows that increasing the PV panel lifespan decreases the
LCOE. It is shown that increasing the PV panel lifespan from 25 to 30 years at
2% discount rate results in a corresponding decrease in the LCOE by about 39%.
The implication is that the higher the longevity of the solar PV panels and the
smaller the discount rate the better the economic competitiveness of the pro-

posed PV energy system.

3.4.4. Effect of Battery Lifespan

Figure 9 shows that increasing the battery lifespan decreases the unit cost of
electricity, and makes PV more competitive over DG and GKL. This is attributed
to the less frequent replacement of the battery. It is shown that increasing the
battery lifespan from 5 to 10 years results in a corresponding decrease in LCOE
by 7%. However, the unit cost of electricity becomes insensitive to the battery li-
fespan beyond 7 years for the whole zones considered. The implication is that

battery lifespan of 7 years and above is appropriate for the proposed PV system.

3.4.5. Effect of Battery Cost
Figure 10 shows that the battery cost has a significant effect on the LCOE of the
proposed PV system. It is shown that breakthroughs in battery technology that
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Figure 10. Effect of battery cost on cost of electricity.

would reduce the cost of battery by 60% would reduce the average overall LCOE
by 33.4%. Therefore, research towards drastic cost reduction in battery produc-

tion technologies should be strongly pursued.

4. Conclusions

There is a growing interest in the development and deployment of renewable
energy technologies (RETSs) as a result of the rapidly declining cost of solar PV
(PV), the intensified climate change challenges, breakthrough in battery tech-
nologies, and energy security. These attributes form the bases for the search for
clean, adequate and affordable energy solutions, as stipulated in the No. 7 of the
17 Sustainable Development Goals (SDGs). The rural communities, which are
normally in remote and rugged terrain locations, represent the greater percen-
tage of dwelling areas without access to electricity supply, but electricity is re-
quired to drive socio-economic developments. Electricity, which is the most de-
manded energy globally, is required to improve the socio-economic status of ru-
ral dwellers. The distributed energy system in which solar PV (PV) is found
prominent is favoured as a means of solving the rural electrification problems.
Therefore, this paper presents the current PV penetration status in Nigeria and
discusses the way forward for aggressive PV penetration in Nigeria energy mix.
The current PV penetration in Nigeria is relatively low and shows a significant
gap between the FGN’s policy targets and reality. The solar resource potential
across the six geo-political zones in Nigeria is also presented—ranges from 3.393
- 6.669 kWh/m?*/day, with the Northern zones exhibiting better potentials over
the Southern zones. It was established that the unit cost of electricity from PV
system ranges from 0.387 - 0.475 US$/kWh, which are well above the unit cost of
grid-connected electricity of 0.105 US$/kWh. However, when issues of reliabili-
ty, speed of connection and hidden subsidies for grid electrification are consi-
dered, the off-grid PV energy solution option shows much promise for rural

electrification.
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The PV has a competitive economic advantage over diesel generator and
glass-covered kerosene lamp for lighting on the basis of their affordability indic-
es. The PV energy system is more affordable in the Northern zones (affordability
index ranges from 3.81% - 4.06%) compared with the Southern zones (afforda-
bility index ranges from 4.32% - 4.68%). It should be noted that the economy of
scale is not considered in the calculation of the affordability index. The house-
hold expenditure on PV lighting option, with an affordability index of 4.18%, is
the most affordable among the three cases of lighting alternatives considered. It
is followed by the glass-covered kerosene lighting device (affordability index of
5.83%) and the least is the diesel generator, with a 9.88% affordability index. The
diesel generator and the glass-covered kerosene lamp have a detrimental effect
on the environment, which manifest in climate change. The glass-covered kero-
sene lamp has detrimental effects on indoor air quality that poses danger to the
health of the household occupants.

The cost of lighting a rural household under PV electrification is much
cost-effective than fossil-fuelled generator and glass-covered kerosene lamp op-
tion, even with their detrimental effects on the environment. It can be positioned
that the PV is able to serve medium (7 - 8 kWh/day) and low (under 1 kWh)
consumers. The medium consumers would be incentivised to buy into PV be-
cause the grid is not reliable, and the low consumers would be driven by the
access agenda.

The sensitivity analysis conducted showed that the Federal Government of
Nigeria’s fiscal and energy policies would accelerate the PV penetration in the
country. Specifically, the discount rate on capital investment, PV panel cost and
lifespan, and the battery lifespan and cost have been identified to have strong ef-
fects on the economic competitiveness of PV energy system. In order to increase
the PV penetration in the country, especially in the most energy-deprived areas,
the FGN could make the financing of PV systems conducive for low-income
households; however, the technical challenges regarding the battery lifespan and
cost reside within the global R & D community. The recent breakthroughs in
battery technology can become the real game-changers in rural electrification

programmes in Nigeria and elsewhere in SSA.
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