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a b s t r a c t

In recent years, emphasis has been placed on the design and implementation of sustainable energy
system solutions to combat the adverse environmental impact of emissions from the power and
transportation sectors. This study applies a systems elimination method using numerical simulation to
validate and optimise recently-reported results demonstrating the benefits of photovoltaic (PV)–diesel
— battery hybrid integrated power systems (IPS) for commercial centres, with Abuja in Nigeria used for
the case study. An optimal IPS was identified from 20,200 candidate solutions analysed by assessment
against environmental (1st priority) and economic (2nd priority) metrics. Although environmental
conditions were prioritised, the optimal system was economically viable. The environmentally optimal
system emitted 33% less greenhouse gas (GHG) emissions (CO2 tonnes/yr.) than the economically
optimised solution (PV–diesel) over their operational lifetimes ($/20 years), and was 4% costlier than
same. The results demonstrate that carbon taxation or outright bans on independent fossil fuel systems
(IFFSs) in emerging economies might not be effective policies in mitigating the impact of climate
change on our environment. This study contributes to the body of knowledge on energising unserved
and underserved communities in sub-Saharan Africa, considering the case study country of Nigeria. It
decries the common practice of prioritising economic factors over environmental factors in optimising
the operations of grid defected power system solutions as continental and regional electrification
efforts are being ramped up. This is particularly of importance (an environmental responsibility), as
immediate economic gains could have far-reaching environmental and social implications that elicits
the limitations of economically prioritised power development projects in the offing.

© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

In attaining global electrification, human efforts must be mul-
idimensional; in other words, ensuring access to affordable, re-
iable, sustainable and modern energy for all is central to the
ealisation of the United Nations’ sustainable development goals
SDGs) (International Bank for Reconstruction and Development,
017). As such, it is imperative that a synergy of both renewable
nd other power sources (Avila et al., 2017) are implemented for
he multiple sectors that contribute substantially to the economy.
lso integral to the electrification agenda are enablers in the form
f financial support from public/private institutions and con-
olidated governmental and inter-governmental policy actions
IRENA, 2018).
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352-4847/© 2021 The Author(s). Published by Elsevier Ltd. This is an open access a
The electrification drive adopts different forms at both ends of
the economic development spectrum. The developed world is in-
vesting human , technical and financial resources in studying and
re-engineering the power systems that service their sectors (with
notable interest in the transportation sector) (EY, 2020). They are
becoming more energy, process and resource efficient — as coun-
tries drive their transition to sustainable solutions (IRENA, 2018;
Cucchiella et al., 2018). At the other end, the developing world
(low–middle income countries) still grapples with the reliability
and resiliency of their power grid systems and securing electricity
supply access for the unserved and underserved communities
(Murugaperumal et al., 2020; The Economist Intelligence Unit,
2016). This situation has led to the continued investment in
conventional power systems (coal power generation) in countries
like South-Africa, Malawi and Zimbabwe, for example (Oxford
Institute for Energy Studies, 2018), thus posing a challenge to the
energy transition.

The paucity of power supply in emerging economies which
needs to focus on poverty reduction, food security, economic
rticle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

https://doi.org/10.1016/j.egyr.2021.03.039
http://www.elsevier.com/locate/egyr
http://www.elsevier.com/locate/egyr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.egyr.2021.03.039&domain=pdf
http://creativecommons.org/licenses/by/4.0/
mailto:samolowo@umail.ucc.ie
mailto:paul.leahy@ucc.ie
mailto:a.morrison@ucc.ie
https://doi.org/10.1016/j.egyr.2021.03.039
http://creativecommons.org/licenses/by/4.0/


S. Olówósejéjé, P. Leahy and A.P. Morrison Energy Reports 7 (2021) 1943–1953

t

Nomenclature

BOS balance of system
CESS energy storage system’s lifetime costs

($/20 years)
CGS generator system’s lifetime costs ($/20 years)
Csolar−PV solar-PV system’s lifetime costs ($/20 years)
C&I commercial and industrial
DCF discounted cash flow
DG diesel generator
ϵGS the generator system’s yearly GHG emissions

(CO2 tonnes/yr.)
ϵIHSBS the integrated hybrid solar-PV and battery

based systems’ yearly GHG emissions (CO2
tonnes/yr.)

ϵIHSS the integrated hybrid solar-PV based systems’
yearly GHG emissions (CO2 tonnes/yr.)

ESS energy storage system
GHG greenhouse gas
GS generator system
HPVPS hybrid photovoltaic-centric power system
HRES hybrid renewable energy system
IFFS independent fossil fuel system
IHSBS integrated hybrid solar-PV and battery based

system
IHSS integrated hybrid solar-PV based system
IPS integrated power system
kW kilowatt
kWh kilowatt hour
LCOE levelised cost of energy
LEAP long-range energy alternatives planning
LF load factor
NEM net energy metering
NPC net present cost
PG petrol generator
PV photovoltaic
RE renewable energy
RES renewable energy system
SAIDI system average interruption duration index
SAIFI system average interruption frequency index
SDG sustainable development goal
TEM transactive electricity market
TOP technical operating parameter

growth and development, presents an opportunity in implement-
ing sustainable energy solutions towards addressing the power
supply deficit. This is exacerbated by deficient electricity infras-
tructure which struggles to keep pace with a growing population
(Oxford Institute for Energy Studies, 2018). As these countries
industrialise towards stimulating their economic activities, green-
house gas (GHG) emissions will inevitably rise (Colenbrander
et al., 2015) if the primary sectors (commercial and industrial
(C&I)) spurring industrialisation and urbanisation remain heav-
ily dependent on unreliable conventional grid power systems.
It becomes an environmental and health issue when the de-
ficiency of the centralised power grid is ameliorated by cost-
prohibitive (Olówósejéjé et al., 2019; Arowolo et al., 2019) and
unsustainable independent fossil fuel solutions (e.g. petrol and
diesel generators).

The tendency to analyse the economic viability of power sys-
ems development projects in isolation or as a priority over
1944
socio-environmental factors, has long-term implications on the
environment and people’s social well-being. GHG emissions and
fumes from independent fossil fuel systems (IFFS) would in-
evitably contribute to climate change with adverse effects on
the environment (IRENA, 2018) and human health (Ifegwu et al.,
2013). Adopting a reactive culture in addressing the problems
that could arise from implementing conventional power systems
(coal power generation) and/or IFFS in bridging the power supply
deficit gap in emerging economies, could prove costlier in the
long-term than rolling out renewable energy system (RES) or hy-
brid renewable energy system (HRES) solutions. Considering the
equal importance of socio-environmental factors with economic
factors in optimising HRESs design (Diemuodeke et al., 2016) is a
more impactful approach towards realising holistic power system
solutions for emerging economies.

Therefore implementing third generation HRESs that includes
solar-photovoltaic (PV) generation and diesel generators, could
drive the transition to sustainable energy system solutions for
the developing world. The HRES’s operations could be supported
by interactive devices (e.g. remote monitoring systems and en-
ergy consumption metres) (ESMAP, 2019), and optimised to sat-
isfy economic, environmental and social metrics. These could be
more effective than carbon taxation (based on the current pricing
structure) (Luckow et al., 2015) and outright bans on IFFS in
access-deficient regions. In this paper, Section 2 highlights the
findings from a review of recent literature and outlines the gaps
in the research this study seeks to address. Section 3 presents the
method adopted for the study. Section 4 sheds light on the results
from the operations analysis of hybrid integrated power systems,
with Section 5 discussing the implications of the results. Section 6
concludes the study.

2. Review of relevant studies

The review of literature was undertaken to highlight the em-
phasis placed on economic over environmental factors in power
systems design and operations analysis. Where economic metrics
continue to be prioritised, social actions/responsibilities could be
key in tipping the scale and advancing the transition towards a
sustainable environment.

2.1. The viability of grid defected power system solutions

Studies have found that grid defected integrated power sys-
tem (IPS) solutions could be more affordable than conventional
power grid systems both in the developing (Peffley and Pearce,
2020) and developed (Arowolo et al., 2019) world. Supporting
these findings, Olówósejéjé et al. (2020) adopted a systematic
quantitative analysis in evaluating the techno-economic and en-
vironmental viability of grid defected power system solutions for
commercial centres in Abuja, Nigeria. The integrated hybrid solar-
PV based system (IHSS) in the study, was the most viable power
system of the 14 power system solutions analysed. Olówósejéjé
et al.’s study prioritised economic viability in selecting an optimal
power system solution for commercial application. Arowolo et al.
(2019) utilised an energy modelling software — Hybrid Opti-
misation Model for Electric Renewables (HOMER) in analysing
the techno-economic viability of hybrid solar-PV systems for the
commercial sector (small and medium enterprises) in the Up-
per Peninsula of Michigan, USA. They concluded that a solar-PV
hybrid system (including energy storage and natural gas power
generators) is technically and economically viable for all scales
of commercial utility customers. Their study also laid emphasis
on the techno-economic viability of decentralised solutions. For
both studies, environmental benefits were incidental to economic

considerations and their benefits.
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Across the literature, grid defected IPSs in different power
ystem mixes and configurations have been documented to be
iable particularly for remote locations i.e. the rural underserved/
nserved and critical sectors. Ali and Jang (2020) modelled an op-
imum hybrid renewable energy system (with solar and wind as
he main energy sources) in HOMER considering techno-economic
comparing levelised cost of energy and net present cost) param-
ters for the remote island of Deokjeok-do, South Korea. Their
tudy also evaluated the economic viability of the supporting
nergy storage system (ESS) technology (battery against pumped
ydro storage). The solar-wind-pumped hydro storage system
as more economically viable than the solar-wind-battery stor-
ge system based on their results. This study focused on op-
imising power system solutions for techno-economic viability.
abatunde et al. (2019a) performed a techno-economic analysis
n HOMER to determine the feasibility of implementing a hybrid
enewable energy system (HRES) for hypothetical rural health-
are centres in the six geo-political zones of Nigeria. The PV and
iesel generator (DG) and battery HRES was economically feasible
or all locations studied with some locations considered more fea-
ible than others. The net present cost (NPC) for the power system
olutions considered in their analysis was sensitive to fluctuations
n the fuel pump price. Their study realised economically viable
ower system solutions with environmental benefits. All of these
tudies identified economically optimal grid defected solutions,
ut the environmental impact of the various solutions were
ot independently determined i.e. the extent of environmental
enefits were limited to economically viable solutions.
Franco et al. (2017) reviewed energy production and stor-

ge technologies based on a multi-criterion and multidisciplinary
ethod defined by the EssentialTech programme. Their goal was

o realise the most suitable power system solution for healthcare
entres in the global south. They presented the hybrid renewable
nergy system solution (renewable source plus battery storage
nd DG) as the optimal power system solution for medium to
arge scale healthcare facilities, particularly those situated in re-
ote areas. The economic implications of the power system
olution were the primary consideration of the study. This begs
he question, to what extent are the environmental impacts of
ower system solutions truly considered?

.2. The factors considered when designing grid defected power
ystem solutions

When deploying renewable energy (RE) and HRES solutions,
nergy storage systems (ESSs) usually contribute significant costs
o the total power system costs. The sub-optimisation of ESSs
ould impact the economic viability of grid defected IPS solutions.
he choice of integrating ESSs for energy autonomy in advanced
conomies are usually assessed solely by their economic implica-
ions. This is especially the case when a reliable and affordable
rid connection is available. Grid defection could yet offer en-
ironmentally cleaner power system solutions with economic
iability if ESSs are optimised and integrated for longer lifetimes.
ptimising the ESS component of the power system solution, tak-
ng into consideration the choice of storage technology, capacity
izing and the operation strategies implemented could realise en-
ironmentally cleaner IPS with economic viability. An aggregation
f autonomous power systems could contribute to decarbonising
he environment especially as base load power plants that offer
nergy access to grid connected energy consumers are usually gas
r coal powered. Veilleux et al. (2020) applied HOMER in remod-
lling the current rural micro-grid (integrating more PV modules
nd replacing lead–acid batteries with lithium ion batteries) solu-
ion implemented for the case study island of Koh Jik in Thailand.
n assessing the techno-economic viability of their remodelled
1945
solution, they presented an economic argument for lithium ion
ESSs over lead–acid alternatives. Although lithium ion ESS are
more expensive than lead–acid ESS, the capacity of lead–acid
batteries required to attain the same RE fraction that the lithium
ion ESS provided in the off-grid system, drove the total cost of
the lead–acid ESS to almost cost parity with the lithium ion ESS.
The power system remodelling exposed an environmental lapse
in their initial power system design and implementation that had
economic implications over the long-term. This reinforces the
point that optimising the ESS configuration in IPS design could
present environmentally viable power systems with economic
benefits over the long-term. Foles et al. (2020) employed Matlab
in evaluating the techno-economic viability of solar-PV and solar-
PV plus energy storage systems for the residential sector in three
representative Portuguese locations. They considered four power
system configuration scenarios (solar-PV, solar-PV + grid connec-
tion, solar-PV + battery storage and solar-PV + battery storage
+ grid connection). The locations considered were characterised
by differing solar resource potential. Their results elicited the
unviability of the scenarios with energy storage systems for resi-
dential applications. Their study did not highlight the fact that the
prioritisation of economic factors in the choice of power system
solutions has an impact on the environmental benefits that a grid
defected solution with ESSs could offer.

Cucchiella et al. (2018) applied a discounted cash flow (DCF)
method in analysing the practicality of solar-PV plus lead–acid
ESSs in four case study scenarios for the residential sector in
Italy. Their conclusions infer that solar-PV plus ESSs is prac-
tical when the share of self-consumption is increased through
the installation of solar-PV plants in regions with high levels
of solar insolation. Although they present a condition for the
practicality of solar-PV plus ESSs, their study does not go further
to advance the environmental importance of integrating opti-
mised ESSs. Förstl et al. (2020) applied SimSES — simulation
of stationary energy storage systems, an open source software
tool in evaluating the techno-economic feasibility of residential
solar-PV and battery storage systems. The study presented two
case studies with one focusing on the profitability and lifetime
of battery storage systems under different energy management
and tariff regimes in New South Wales, Australia and Germany.
The other placed emphasis on the profitability and degradation
impact of three different operation strategies for the residential
sector in Australia. Results from case study one highlighted the
unprofitability of solar-PV and battery storage systems in both
regions with case study two highlighting the beneficial impact of
operation strategies on the economic feasibility of solar-PV and
battery storage systems. This was at the cost of increased battery
degradation. Their study’s principal focus considering both case
studies, was in optimising the lifetime and performance of the
integrated ESS for economic viability. Environmental benefit was
not prioritised.

Considering economic factors as a priority over environmental
and social factors could have long-term economic implications
that are not apparent when the immediate economic case is pri-
oritised. This is the case especially when optimising grid defected
IPSs design and operations. In an attempt to highlight the neglect
of social parameters (job creation and social acceptance) which
constitutes an important factor in the implementation of HRESs
for small communities, Cuesta et al. (2020) performed a method-
ological review of studies that had applied energy modelling
software (HOMER, RETScreen, DER-CAM, iHOGA, EnergyPRO) in
optimising the design of HRESs. They concluded that except for
the latest version of iHOGA, these commercial or open source
software tools had not incorporated social parameters into their
models. Their review did not draw the link between social and
environmental factors i.e. how GHG emissions can have an ad-
verse effect on the environment and in turn impact jobs in the
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gricultural sector over the long-term or how environmental
ollution can impact an individual’s health and/or quality of
ife. Babatunde et al. (2019b) followed a multi-criteria (techni-
al, economic, environmental, social and policy) decision making
pproach in selecting the most suitable HRES for a typical low-
ncome household in Lagos, Nigeria. Their analysis in HOMER was
ased on two energy demand scenarios — consumer demand
ith energy efficient devices and consumer demand without.
hey found the PV-Gen-Batt system to be the most suitable HRES
or low-income households when implemented in the energy
fficient devices scenario. Although their study considered mul-
iple factors in selecting a power system solution, the economic
iability of the power system solution was prioritised over the
ther factors considered i.e. socio-environmental benefits were
ncidental to the most economically viable solution.

In some emerging economies, governmental policy actions
till present a gap in increasing electrification and spurring a
ise in economic activities. The paucity of power supply and the
imitation of the grid infrastructure in access-deficient regions
ositions the developing world at the fore in realising sustainable
lectrification and creating a sustainable environment. Consider-
ng metrics of levelised cost of energy (LCOE) and NPC, Agyekum
nd Nutakor (2020) applied HOMER in assessing the economic
iability of two hybrid renewable energy systems (PV-Wind-
G-Battery and Wind-DG-Battery) for the commercial sector in
outhern Ghana. They concluded that governmental effort was
mperative in creating an enabling environment that would en-
ure the economic viability of HRES for sustainable development.
heir study did not particularly emphasise the environmental
enefits of these systems in application. Emodi et al. (2017) em-
loyed the energy policy modelling and climate change mitiga-
ion assessment tool – Long-Range Energy Alternatives Planning
LEAP) in exploring the most sustainable electrification pathway
n meeting Nigeria’s future energy demand based on four study
cenarios. They carried out an energy system analysis and cost–
enefit analysis in evaluating the practicality of the scenarios
resented. Their results elicited the importance of policy formula-
ion in driving Nigeria’s energy transition. It is important that the
conomic viability of environmentally optimised sustainable en-
rgy solutions are clearly presented to adequately inform climate
olicies.
Rasheed et al. (2020) argued the case for RE solutions in ad-

ressing Pakistan’s energy crisis. They supported their argument
y carrying out a cross-country comparative study (Pakistan vs
est of South Asia). Their conclusions highlighted effective policy
mplementation and institutional cooperation as requirements
n harnessing Pakistan’s renewable energy potential. Their study
ighlights feed-in-tariff schemes that are already operational in
dvanced economies as a policy mechanism in driving RE solu-
ions. For emerging markets, this policy instrument might not be
ffectual due to the underdevelopment of the electricity market.
nergy policies that incentivise the proliferation of environmen-
ally optimised HRESs could be more effectual in decarbonising
he energy sector, driving sustainable development and develop-
ng the electricity market. Ensuring access to affordable, reliable,
ustainable and modern energy for all is central to the realisa-
ion of the SDGs. Adenle (2020) carried out a meta-analysis of
he literature on the performance of solar energy technologies
n three African countries (Ghana, Kenya and South Africa) to
xplore the role of solar energy in realising the SDGs by 2030.
he author concluded that appropriate policy instruments such as
eed-in-tariff schemes, incentive programs and renewable energy
aws would drive the uptake of solar energy in African energy
arkets, thereby contributing to the achievement of the SDGs
y 2030. Opposing the author’s view and proposing a paradigm

hift from a top-down to bottom-up approach in sub-Saharan

1946
Africa’s electrification agenda could yet present a solution to
improving its electrification rate. The uptake of environmentally
focused HRESs in this region’s critical and economic sectors could
be more impactful in realising the SDGs by 2030. The approach
of deploying these energy solutions in the critical and economic
sectors would simultaneously decarbonise the environment and
improve electrification. This strategy could better inform energy
(and specifically climate) policies by evidencing the impact of
these systems in operation.

2.3. How the choice of power system solutions explains the difference
between the energy landscape of advanced economies and emerging
economies

The energy landscape of the developed world differs from
the developing world. As such, models in increasing electrifi-
cation cannot be directly replicated. Studies that analyse grid
defected IPS solutions primarily for the residential sector in the
developed world provide evidence that electricity consumers still
favour grid-connected power systems over grid defected IPSs.
Their preference is based on power supply reliability and cost
implications. Liu et al. (2019) used mixed-integer linear pro-
gramming in determining the techno-economic (parameters of
reliability and LCOE) viability of grid defected (solar-PV + bat-
tery storage) power systems over grid-connected power supply
for 300 homes in Australia. They presented the grid-connected
power supply option as the more reliable and lower cost option.
Their study reinforces the discourse that in the developed world
where reliable grid connection is available, the cost implication
of energy access is the primary and possibly sole concern of
the energy consumer. Hittinger and Siddiqui (2017) considered
1020 locations in the USA when analysing the economic viability
of grid defected power systems (solar-PV and battery storage)
using their energy systemmodel (ESM) developed in Matlab. They
concluded that grid defected power systems are not economically
viable for most locations in the USA with the exception of Hawaii
and California where policy mechanisms like net energy metering
(NEM) could incentivise their consideration. Even in locations
where grid defected power systems can take advantage of policy
mechanisms like NEM, mechanisms that reward environmentally
cleaner grid defected systems are elusive.

In assessing the effect of electricity tariff structure on an
electricity customer’s decision to maintain connection or defect
from the utility grid, Gorman et al. (2020) employed linear op-
timisation in calculating a range of off-grid power system costs
(considering customer type, location and minimum reliability).
These electricity costings were then compared against unique
rate tariff structures for over 2000 utilities in the USA. Results
highlight the possibility of grid defection beyond current load
defection levels. This is subject to a continual fall in solar-PV
and ESS technology costs. It is also contingent on tariff struc-
tures not being favourable to the electricity consumer in the
offing i.e. utility companies increasing fixed charges and lowering
variable charges. Their study sheds light on the fact that grid de-
fection comes second to grid connection in advanced economies,
therefore buttressing the point that in the developed world, the
onus is on utility companies to decarbonise the power sector.

Whereas, in the developing world, grid defected power system
solutions are considered viable in assuaging the impact of grid
power unavailability and unreliability on the rural underserved.
In emerging economies, the onus to decarbonise the power sector
could yet be on energy-autonomous critical/economic sectors.
Murugaperumal et al. (2020) applied HOMER in the optimum
design and techno-economic assessment of a HRES for rural elec-

trification in the remote district of Korkadu, India. Their results
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vidence that the HRES can be a cost-effective sustainable alter-
ative to conventional grid power system solutions. The study
ighlighted the emphasis placed on economic over environmen-
al metrics. Fodhil et al. (2019) implemented a particle swarm
ptimisation (PSO) and ϵ constraint method in optimising the
esign of a HRES towards concurrently minimising total system
ost, unmet load and CO2 emissions. The HRES (PV-battery-diesel)
ural electrification solution realised for the remote village of
iberkatine in southern Algeria was able to satisfy the afore-
entioned optimisation conditions. Furthermore, the study high-

ighted that its PSO approach was more cost-effective with a
arger PV penetration fraction than the power system solution
ealised using HOMER. Although their results realised a solu-
ion that satisfied affordable, reliable and sustainable metrics,
nvironmental benefits were limited to economic conditions.
Oyewo et al. (2020) applied a linear optimisation tool model

n projecting a cost optimal power system solution for the West
frican region. Their analysis (for the period 2015 to 2050) eval-
ated the viability of the transition to fully RE systems based
n six policy scenarios considered for the region studied. Their
esults present the fully RE system as the least cost and least GHG
mitting power system solution for the West African region. The
tudy also highlighted solar-PV as the principal energy resource
nd technology in driving the transition to a sustainable future.
lthough their study presents an all-RE system as the most eco-
omic and environmentally optimal power system solution in the
ong-term, economic considerations were still prioritised. There
s a case to be argued on the extent to which an economically
rioritised power system can be environmentally acceptable. In
ddition, their results are projections for the long-term and not
he near to middle term this study seeks to address.

.4. The knowledge gap

Evaluating the practicality of prioritising techno-environmenta
actors over techno-economic factors in power system operations
nalysis is a knowledge gap identified in the literature this study
ntends to address. The particular gap this study seeks to fill
s in prioritising emissions reduction over cost savings when
mplementing power development projects in regions with elec-
ricity supply deficit. This is particularly important as immediate
ost savings on power development projects could have long-
erm adverse effects with an environmental and social bearing.
he long-term costs that would be required to ameliorate social
job loss from climate change and adverse health conditions
rom polluted air) and environmental (mitigating climate change)
mpacts resulting from prioritising cost implications from power
evelopment projects, could be significant, with the economic,
ocial and environmental damage irreparable. Studies reviewed
videnced the importance of hybrid renewable energy systems
n bridging the power supply and demand gap in emerging
arkets considering cost savings and emissions reduction. None
f the studies paid attention to the importance of social action
environmental responsibility) in implementing power system
olutions. Especially pertinent to prioritising environmental over
conomic gains.
Secondly, with the knowledge that the viability of power

ystem solutions against techno-economic, environmental and
ocial metrics is closely aligned to the optimisation of their de-
igns and/or operations, a significant portion of HRESs design and
perations analyses in the literature review, applied the energy
ystems modelling software HOMER for their analysis. This study
ntends to diversify the methods adopted in the power systems
esign optimisation reviewed in the literature, by implementing
numerical simulation method in comprehensively and rigor-
usly validating results obtained in a previous study on HRES
1947
olutions (Olówósejéjé et al., 2020). This supports the transfer
f knowledge, especially in emerging markets where the cost of
ecuring an academic (or personal) license for energy modelling
nd analysis software could be prohibitive.

. Method

A systems elimination method was adopted for this study.
umerical simulation in Matlab was applied using equations
qs. (1)–(6). The cost function equations have been deduced from
he equations of the straight line graph of solar-PV and energy
torage system capacities (in the range of 0 – 100 kW and 0 –
2 kWh respectively) quantitatively determined in Olówósejéjé
t al. (2020)’s study. The generator system cost and emissions
eduction function were based on iterative computations of the
ystems’ capacities and frequency of usage, assuming a fixed
eduction in costs per decrease in capacity size (0 – 15.5 kW).
n this study, a search space of 20,200 IPS solutions was defined.
his provides a comprehensive validation of results obtained from
recent study on hybrid PV-centric power system solutions for
ommercial centres, as well as varies the methods adopted for
ower systems operations analysis. The numerical simulation in
his study is performed considering the solar resource for Abuja
nd the load profile of the commercial centre in Olówósejéjé et al.
2020)’s study. A limitation to this approach i.e. using a static so-
ar resource and load profile in analysing the commercial centre’s
perations and in realising a suitable power system solution that
eets energy demand, is the inability to capture day-to-day or
easonal resource variation experienced in a typical year. As such,
he optimality (best performing system) of the solution realised
n this study is limited to the implementation of the approach.

.1. Design consideration for power systems’ performance analysis

.1.1. Solar resource
The solar irradiation data used in this study was from Coper-

icus Atmosphere Monitoring Service (CAMS) at latitude — tilt
ngle (0◦), specific to Copernicus Atmosphere Monitoring Service
2018). Abuja is positioned at geographical coordinates: latitude
10◦N and longitude - 8◦E. This study worked with a single day

24 hr) solar irradiation data based on the average daily solar irra-
iation for each month of the year for 2017. The solar-PV system
izing for the capacity range considered, was guided by working
ith the lowest average daily irradiation (4.45 kWh/m2/day) for
he year (August), against the commercial centre’s peak load day
Saturday).

.1.2. Load demand determination
The load profile is that of Olowos plaza, a hypothetical com-

ercial centre situated in Abuja, Nigeria, and is based on survey
ata of similar centres. The plaza has a weekly variable load
emand, with the same total load demand from Monday–Friday
117 kWh per day), increased demand on Saturday (134 kWh)
nd reduced demand on Sunday (36 kWh). The total weighted
verage daily and weekly energy demand are 108 kWh and 757
Wh respectively. Average hourly energy demand is 4.5 kWh,
ase load is 0.4 kWh and weekly peak demand is 10.8 kWh. The
ase load cycle is from 22:00 h to 8:00 h (Mondays–Saturdays)
nd from 18:00 h to 11:00 h on Sundays. Fig. 1 represents the
eekly load demand for Olowos plaza.
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Fig. 1. Olowos plaza hourly load demand for a typical week (Olówósejéjé et al., 2020).
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.1.3. Technologies considered
The systems technologies and operating conditions are cap-

ured in bullet points:

• Solar-Photovoltaic (PV) system — monocrystalline mod-
ules in 48 V string array configurations were considered
i.e. to limit the systems’ current-carrying capacity, thereby
limiting the systems’ protection sizing.

• Energy storage system (ESS) – Rolls flooded, deep-cycle,
lead–acid batteries were considered for the storage system
technology (Rolls Battery Engineering, 2019). A 50% depth
of discharge, with a 13 h c-rate and multi-stage charging
regime were also considered.

• Independent fossil fuel system (IFFS) – Diesel generators
(DG) operating in prime power (indefinite running time)
mode were considered for the generator system (GS).

• Balance of system (BOS) – that include (switchgears/system
protection, charge controllers, inverters) supporting tech-
nologies for the solar-PV system and ESS were not inde-
pendently considered. Although, their technical operating
parameters, degradation, frequency of replacement and nu-
merical efficiencies were considered for analysis.

.2. Metrics considered for power systems’ performance assessment

The numerical simulation process, explored a search space
efined by three power system variables i.e. solar-PV, battery
nd DG capacities with maximum values of 100 kW, 82 kWh
nd 15.5 kW respectively. At one apex of the search space, the
ll renewable energy system (RES) implemented a solar-PV array
esign (100 kW) supported by battery storage (82 kWh) while at
he other apex, the fossil fuel system (GS) was solely operating on
15.5 kW DG. The search space was populated by implement-

ng a step size iteration sequence (1%–100%) from zero to the
aximum capacities of the RES, GS, integrated hybrid solar-PV
ased system (IHSS = solar-PV + GS) and integrated hybrid solar-
V and battery based system (IHSBS = RES + GS). A search space
f 20,200 (202 x 100) IPS solutions was realised by simulating all
ossible solutions (feasible and non-feasible) of the power system
onfigurations (RES, GS, IHSS and IHSBS) considered. Feasible
olutions were defined as the solutions that meet the commercial
entres daily peak load demand, are within technical operating
arameters (TOPs) and satisfy the metrics of affordability and
ustainability i.e. cheapest lifetime costs ($/20 years) and lowest
early CO2 emissions. The non-feasible solutions are all solutions
hat do not meet the aforementioned conditions.

The systematic search implemented three orders of elimina-
ion in realising an optimum solution. The first order eliminated
5,250 IPS solutions for not meeting the commercial centre’s av-
rage daily and peak load demand (basic power system operating
equirements), reducing the search space to 4950 IPS solutions.
1948
The second order eliminated a further 4929 IPS solutions for not
meeting TOPs, reducing the solutions in consideration to 21. The
final order eliminated 20 IPS solutions in realising an optimum
solution assessed against lifetime costs ($/20 years) and yearly
GHG emissions (CO2 tonnes/yr.).

3.2.1. Technical assessment (Reliability)
The technical assessment of power systems’ performance - be-

ing the second order of systems elimination, considered TOPs in
realising solutions that satisfied reliability metrics. TOPs are prac-
tical real-life considerations that aim to limit the system average
interruption duration index (SAIDI) and system average inter-
ruption frequency index (SAIFI) to zero. Planned interruptions
i.e. refuelling times and maintenance schedules are assumed to
occur during non-commercial hours and do not interfere with the
outcome of these reliability indexes (SAIDI and SAIFI). Therefore
TOPs are:

i. The minimum solar-PV capacity that is practical for a hy-
brid IPS (IHSS and IHSBS) mix;

ii. Diesel generator operating intensity;
iii. Maximum load demand in relation to diesel generator op-

erating capacity;
iv. Duration of diesel generator operation at base load;
v. Battery array configuration/matrix for the battery technol-

ogy implemented (Rolls lead–acid battery).

Power system solutions are considered reliable if they can
meet the conditions for TOPs i.e. ensuring the commercial centre’s
operation is seamless with no unmet load.

3.2.2. Economic assessment (Affordability)
The economic assessment was the third order of systems elim-

ination but second priority level when assessed in tandem with
the sustainability metric. Solutions in the power systems’ search
space (20,200 solutions), that returned lifetime costs lower than
or equal to the base IFFS (≤ $189,000) and also satisfied technical
operating parameters were considered. The equations applied for
the economic assessment in this study were realised from power
systems capacity sizing deduced from graphical representations
and iterative computations. These equations encompass lifetime
costs ($/20 years) implications for all IPS solutions evaluated. The
equations are:

Economic cost as a function of power system capacity

Csolar−PV = 1937.1x + 2895.9 (1)

CESS = 8171.4y + 1177.9 (2)

GS = (189 × 103)z (3)

here:
C : solar-PV system’s lifetime costs ($/20 years);
solar−PV
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CESS : energy storage system’s lifetime costs ($/20 years);
CGS : generator system’s lifetime costs ($/20 years);
x: solar-PV system capacity;
y: energy storage system capacity; and
z: is the percentage increment (1%–100%) in the iteration

equence that corresponds
to an IPS system capacity in the range i.e. 1% = least cap, 100%

max cap.
In light of the above, the economic element for the four cate-

ories of power system solutions considered were realised based
n the following combination of equations:

• RES = Eqs. (1) + (2)
• GS = Eq. (3)
• IHSS = Eqs. (1) + (3)
• IHSBS = Eqs. (1) + (2) + (3)

.2.3. Environmental assessment (Sustainability)
The environmental assessment was also the third order of sys-

ems elimination, but first priority level when assessed in tandem
ith the affordability metric. Solutions in the power systems’
earch range (20,200) greater than or equal to 0 CO2 tonnes/yr. –
aseline GHG emissions were considered. Also considered, were
olutions less than 46 CO2 tonnes/yr. – baseline GHG emissions
f the primary GS.
That is, 0 ≤ emissions target < 46. The equations applied for

he environmental assessments were predicated on the capacities
n the GSs’ range and the frequencies of their daily usage. The
quations formulated applied to all power system solutions under
he GS, IHSS and IHSBS umbrella, excluding those under the RES
ategory i.e. 0 CO2 tonnes/yr. The equations for the IPS solutions
nalysed are:
Emissions reduction as a function of frequency of system usage

GS = 46z (4)

IHSS = 46z × 0.75 (5)

IHSBS = 46z × 0.5 (6)

here:
ϵGS : the GS’s yearly GHG emissions (CO2 tonnes/yr.);
ϵIHSBS : the IHSBS’s yearly GHG emissions (CO2 tonnes/yr.);
ϵIHSS : the IHSS’s yearly GHG emissions (CO2 tonnes/yr.);
z: is the percentage increment (1%–100%) in the iteration

equence that corresponds
to an IPS system capacity in the range i.e. 1% = least cap, 100%

max cap;
0.75: avg. frequency of usage i.e. the GS meets 3

4 of daily load
emand; and
0.5: avg. frequency of usage i.e. the GS meets 1

2 of daily load
emand.
The flowchart in Fig. 2 illustrates the search sequence imple-

ented in realising an optimal IPS solution based on all the power
ystem assessments described in this section.

. Results

.1. Categorisation of theoretical solutions

Table 1 represents the theoretical power system solutions,
.e. the power system solutions that meet the average/hr daily
oad demand and/or peak load demand but do not satisfy TOPs.
he theoretical solutions are categorised according to their life-
ime costs ($/20 years) and yearly GHG emissions (CO2 tonnes/yr.).
Supplementary Materials 1 and 2 capture all the power system
solutions categorised according to their lifetime cost ($/20 years)
implications and their yearly GHG (CO tonnes/yr.) emissions.
2 i

1949
4.2. Categorisation of practical solutions — 2nd order of systems
elimination

Table 2 breaks down the technical composition, environmental
and economic implications of the practical IPSs. Although, the
base RES and GS systems are unviable when evaluated against
economic and environmental factors in tandem, they are included
in Table 2 as reference systems.

4.3. Optimum power system solution — 3rd order of systems elim-
ination (1st priority level)

Table 3 highlights the optimal IPS solution (with a lifetime
cost of $166,000 and 16 CO2 tonnes in yearly GHG emissions)
amongst the practical and reference power system solutions. The
table accounts for the 21 practical solutions assessed against the
reference systems — GS (with lifetime cost of $189,000 and 46
CO2 tonnes in yearly GHG emissions and the RES (with lifetime
ost of $867,000 and zero yearly emissions), at both ends of the
able. The metric for assessing affordability (economic viability)
s represented on the vertical axis with that of sustainability
environmental viability) on the horizontal axis. The optimum
ower system solution is highlighted in Table 3.

.4. Summary of results

Results from this study have demonstrated the IHSBS (solar-
V — 11 kWp; battery storage — 9 kWh and DG — 11 kW)
s the best performing system (against the impact metrics of
ustainability, affordability and reliability) in meeting the load
emand of commercial centres in Nigeria. This evidences the
iability of implementing an environmentally focused hybrid re-
ewable energy system in bridging the electrification gap in
ccess-deficient regions. This brings to the fore, the role of social
ction/responsibility in driving environmentally cleaner power
ystem solutions. This is of particular importance as economic
ost savings are still considered priority when implementing
ower system solutions.
The IHSBS was the optimum power system solution i.e. the

owest cost power system under priority level 1. It was more
conomically viable than 67% of power system solutions under
riority level 2. The IHSBS had a comparative advantage of 81%
nd 12% in cost savings over the RES and GS respectively, for
heir operational lifetime (20 years). The system recorded a 65%
eduction in yearly GHG (CO2 tonnes/yr.) emissions over the GS.
hen compared to its closest competitor — the IHSS (solar-PV
27 kWp and DG — 11 kW), the IHSBS was 6% costlier than the

HSS over their operational lifetime (20 years) but recorded a 33%
eduction in yearly GHG emissions over same. It also had a better
ystem’s operations efficiency over the IHSS (closely matched
upply–demand ratio). The IHSBS had a load factor (LF) of 90%,
4% more than the IHSS with a LF of 66%.
Introducing a carbon tax of $25 per tonne of CO2 emitted

Luckow et al., 2015) and unifying the metrics of affordability
nd sustainability, the IHSBS was still 4% costlier than the IHSS
or their operational lifetime. These results evidence that car-
on taxation (based on the current pricing structure) is not an
ffectual policy in mitigating the impact of climate change on
ur environment. Results infer that lifetime cost implications
re sensitive to an increase in the percentage share of RE con-
ribution (particularly the ESS capacity) in the hybrid mix. The
ncrease in RE contribution also significantly reduces the yearly
HG (CO2 tonnes/yr.) emissions by reducing the operating inten-
ity of the GS. This also establishes the link between lifetime cost
mplications and a reduction in yearly GHG emissions.
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Fig. 2. Flowchart of the systematic search implementation on IPS solutions.
Table 1
The 4950 theoretical IPS solutions categorised by their lifetime cost implications ($/20 years) and yearly GHG emissions (CO2 tonnes/yr).
The findings of this study consolidates the viability of strategi-
ally electrifying commercial centres through hybrid photovoltaic-
entric power systems (HPVPSs). Fig. 3 illustrates the benefits of
HPVPS option amidst grid unreliability and implementing IFFS
lternatives. The illustration highlights the current system of grid
ower supply complemented with the sub-optimal operation of
FFS. It also elicits the unviability of IFFS in sole operation due
1950
to cost implications and adverse environmental impact. Finally,
the ideal power system configuration for the energy consumer
is presented as the optimised operation of a PV system and
IFFS in a hybrid system. This solution would offer the consumer
lifetime benefits of reliability, affordability, sustainability and
power system autonomy.
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able 2
breakdown of the Practical IPS solutions and reference systems’ capacities against their technical compositions, environmental and economic implications.
Power system Capacity Implication

Solar-PV (kWp) Battery (kWh) Diesel Generator (kW) (Environmental CO2 tonnes/year) Economic ($/20 years)

RES100 100 82 – 0 867,000
GS15.5 – – 15.5 46 189,000
IHSS44 44 – 11 24 189,000
IHSS43 43 – 11 24 187,000
IHSS42 42 – 11 24 185,000
IHSBS13 13 9 11 16 183,000
IHSS41 41 – 11 24 183,000
IHSS40 40 – 11 24 181,000
IHSS39 39 – 11 24 179,000
IHSS38 38 – 11 24 177,000
IHSS37 37 – 11 24 175,000
IHSBS12 12 9 11 16 175,000
IHSS36 36 – 11 24 173,000
IHSS35 35 – 11 24 171,000
IHSS34 34 – 11 24 169,000
IHSS33 33 – 11 24 167,000
IHSBS11 11 9 11 16 166,000
IHSS32 32 – 11 24 165,000
IHSS31 31 – 11 24 163,000
IHSS30 30 – 11 24 161,000
IHSS29 29 – 11 24 160,000
IHSS28 28 – 11 24 158,000
IHSS27 27 – 11 24 156,000
Table 3
Optimal IPS solution based on the performance metrics of affordability and sustainability.
1951
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Fig. 3. Euler diagram highlighting the benefits of a hybrid photovoltaic-centric power system (HPVPS) option.
. Discussion

The IHSBS was 4% costlier than the IHSS over their lifetimes
when the metrics of affordability and sustainability were uni-
ied). However, the 33% reduction in yearly GHG emissions of
he former power system solution over the latter, favours the
mplementation of the IHSBS for commercial centres in Nigeria.
he IHSBS (90% LF) was also a better self-consuming system than
he IHSS (66% LF). This is as a result of the integration of an ESS
n the IHSBS. The exclusion of an ESS from the IHSS meant that
he system generated excess energy, 24% more than the IHSBS.
his translated to wasted energy, owing to the underdevelopment
f a transactive electricity market (TEM) in Nigeria. As such, the
HSBS was a better performing system in matching daily energy
roduction with the commercial centre’s energy demand.
The results from this study have shown the superior per-

ormance of PV-Battery-Diesel hybrid power systems over IFFSs
gainst the impact metrics of affordability and sustainability. It
lso shows the added benefits of reliability and power supply au-
onomy for these hybrid power systems over conventional power
rid systems (Arowolo et al., 2019; Peffley and Pearce, 2020). The
ptimal system in this study, the IHSBS, better sized the capacity
f its ESS (reduced capacity size by 3 kWh) and DG (reduced
apacity size by 4.5 kW) components in comparison to the ‘‘IHSBS
’’ in Olówósejéjé et al. (2020)’s study. Furthermore, the system
ad a lifetime cost reduction of 30% over same. Highlighting
indings in the literature on how optimising the ESS compo-
ent of the power system solution, based on capacity sizing
nd operation strategies, could realise environmentally cleaner
PS with economic viability. Overall, these results support efforts
owards ensuring access to affordable, reliable, sustainable and
odern energy for all. These results bring third generation hybrid
ower systems to the fore in driving sustainable electrification
nd creating a sustainable environment for emerging economies.
n enabling environment is a requisite in fostering the prolifera-
ion of these technologies. For example, the imposition of a 10%
ax duty on solar modules in Heinrich-Böll-Stiftung (2019) (an
mport-dependent economy) could inhibit this.

Optimising these hybrid power systems for a favourable envi-
onmental impact still realises economically viable systems. The
% difference in costs that makes the environmentally optimised
ower system (IHSBS) costlier than the economically optimised
ystem (IHSS) over their lifetime is considered insignificant. This
s especially so, as some of these systems lose substantial sums
hen they are deployed sub-optimally in operation. The 4% added
ost is also considered an investment (environmental responsi-
ility) in supporting the global drive on deeply decarbonising the
1952
environment. As some technologies (carbon capture, storage and
sequestration) may still take years to upscale in the fight against
climate change, highlighting the importance of social responsibil-
ities i.e. relatively higher power systems development costs (with
increased environmental and social benefits) could offer long-
term economic gains and be pivotal in realising environmental
targets and meeting nationally determined contributions (NDC).
This would be considered as such until energy and particularly
climate policies (such as carbon taxation) are designed to ade-
quately tackle the possible long-term economic implications of
implementing non-environmentally focused HRESs.

Therefore, the conscious decision to implement environmen-
tally clean HRESs lies with the power project owners/developers.
In emerging economies, individuals/sectors implementing energy
autonomous solutions have a role to play in being environmen-
tally responsible.

6. Conclusions

This study has validated the performance of scalable hybrid
PV-centric power systems over IFFS solutions for the C&I sectors.
The results found distributed sustainable energy solutions offered
the same benefits of power autonomy and reliability as IFFSs but
with the added benefits of affordability and sustainability. The
IHSBS was the optimum power system solution when assessed
against the three impact metrics (affordability, reliability and
sustainability). The IHSBS was also the better self-consuming
system with a 90% LF compared to the IHSS with a 66% LF. The
implementation of power system solutions with significant con-
sideration for environmentally clean solutions could boil down
to environmental responsibility borne by the project developer.
Social action could yet be an area of consideration in combatting
climate change whilst technology is emerging. These technologies
could take years to upscale to a significant level of impact in the
battle against climate change.

The results were able to demonstrate that a more impactful
approach towards realising holistic power system solutions for
emerging economies was in evaluating the equal importance of
socio-environmental factors with economic factors. Creating an
enabling environment (through policies and regulations i.e. the
development of TEM) that facilitates the proliferation of third
generation hybrid power systems (with increased RE penetration)
in emerging economies presents a viable approach in mitigating
the impact of climate change on our environment. These could be
more effective than carbon taxation (based on the current pricing
structure) and outright bans on IFFS in access-deficient regions.
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Findings from this study established a relationship between
ifetime cost implications and the percentage share of RE con-
ribution in HPVPSs. It further elicited the relationship between
ifetime cost implications and yearly GHG emissions reduction.
limitation of this study was the fact that a sensitivity analysis
as not carried out to explore these findings in detail. Further
esearch on our part, will focus on the shift from third generation
ybrid power systems to fourth generation hybrid power systems
hat eliminate diesel generators using electric vehicles (EVs) for
nhanced energy storage.

RediT authorship contribution statement

Samuel Olówósejéjé: Conceptualisation, Writing - original
raft, Technical analysis. Paul Leahy: Review, Editing, Supervi-
ion, Direction. Alan P. Morrison: Review, Editing, Supervision,
irection.

eclaration of competing interest

The authors declare that they have no known competing finan-
ial interests or personal relationships that could have appeared
o influence the work reported in this paper.

cknowledgement

This work was supported by the Petroleum Technology De-
elopment Fund (PTDF), Nigeria: [Grant Number PTDF/ED/PHD/
AO/776/15].

ppendix A. Supplementary data

Supplementary material related to this article can be found
nline at https://doi.org/10.1016/j.egyr.2021.03.039.

eferences

denle, A.A., 2020. Assessment of solar energy technologies in Africa-
opportunities and challenges in meeting the 2030 agenda and sustainable
development goals. Energy Policy 137, 1–16.

gyekum, E.B., Nutakor, C., 2020. Feasibility study and economic analysis of
stand-alone hybrid energy system for southern Ghana. Sustain. Energy
Technol. Assess. 39, 1–12.

li, S., Jang, C.-M., 2020. Optimum design of hybrid renewable energy system
for sustainable energy supply to a remote island. Sustainability 12 (1280),
1–16.

rowolo, W., Blechinger, P., Cader, C., Perez, Y., 2019. Seeking workable solutions
to the electrification challenge in Nigeria: Minigrid, reverse auctions and
institutional adaptation. Energy Strategy Rev. 23, 114–141.

vila, N., Carvallo, J.P., Shaw, B., Kammen, D.M., 2017. The energy challenge
in sub-Saharan Africa: A guide for advocates and policy makers: Part
1: Generating energy for sustainable and equitable development. Oxfam
Research Backgrounder series.

abatunde, O.M., Adedoja, O.S., Babatunde, D.E., Denwigwe, I.H., 2019a. Off-grid
hybrid renewable energy system for rural healthcare centres: A case study
in Nigeria. Energy Sci. Eng. 7, 676–693.

abatunde, O.M., Munda, J.L., Haman, Y., 2019b. Selection of a hybrid renewable
energy systems for a low-income household. Sustainability 11 (4282), 1–24.

olenbrander, S., Gouldson, A., Sudmant, A.H., Papargyropoulou, E., 2015. The
economic case for low-carbon development in rapidly growing developing
world cities: A case of Palembang, Indonesia. Energy Policy 80, 24–35.

opernicus Atmosphere Monitoring Service, 2018. CAM radiation service: Abuja,
Nigeria. [Online] available from http://www.soda-pro.com/web-services/
radiation/cams-radiation-service [15th August, 2018].

ucchiella, F., D’Adamo, I., Gastaldi, M., Stornelli, V., 2018. Solar photovoltaic
panels combined with energy storage in a residential building: An economic
analysis. Sustainability 10 (3117), 1–29.
1953
uesta, M.A., Castillo-Calzadilla, T., Borges, C.E., 2020. A critical analysis on hybrid
renewable energy modelling tools: An emerging opportunity to include social
indicators to optimise systems in small communities. Renew. Sustain. Energy
Rev. 122, 1–13.

iemuodeke, E.O., Hamilton, S., Addo, A., 2016. Multi-criteria assessment of
hybrid renewable energy systems for Nigeria’s coastline communities. Energy
Sustain. Soc. 6 (26), 1–12.

modi, N.V., Emodi, C.C., Murthy, G.P., Emodi, A.S.A., 2017. Energy policy for low
carbon development in Nigeria: A LEAP model application. Renew. Sustain.
Energy Rev. 68, 247–261.

SMAP, 2019. Mini Grids for Half a Billion People: Market Outlook and Handbook
for Decision Makers. Executive Summary. Energy Sector Management Assis-
tance Program (ESMAP) Technical Report 014/19, World Bank, Washington,
DC, pp. 1–60.

Y, 2020. COVID19: How net-zero emissions present the power sector with an
opportunity. [Online] available from 31stMay,2020.

odhil, F., Hamidat, A., Nadjemi, O., 2019. Potential, optimisation and sensitiv-
ity analysis of photovoltaic-diesel-battery hybrid energy system for rural
electrification in Algeria. Energy 169, 613–624.

oles, A., Fialho, L., Collares-Pereira, M., 2020. Techno-economic evaluation of the
portuguese PV and energy storage residential applications. Sustain Energy
Technol. Assess. 39, 1–16.

örstl, M., Azuatalam, D., Chapman, A.C., Verbič, G., Jossen, A., Hesse, H., 2020.
Assessment of residential battery storage systems and operation strategies
considering battery aging. Int. J. Energy Res. 44 (2), 718–731.

ranco, A., Shaker, M., Kalubi, D., Hostettler, S., 2017. A review of sustainable
energy access and technologies for healthcare facilities in the global South.
Sustain. Energy Technol. Assess. 22, 92–105.

orman, W., Jarvis, S., Callaway, D., 2020. Should I Stay or Should I Go? The
importance of electricity rate design for household defection from the power
grid. Appl. Energy 262, 1–20.

einrich-Böll-Stiftung, 2019. Policy Research on the Imposition of 10% Tar-
iff Duties on Solar Components: Making a Way for Solar in Nigeria.
Heinrich-Böll-Stiftung, Abuja, Nigeria.

ittinger, E., Siddiqui, J., 2017. The challenging economics of US residential grid
defection. Util. Policy 45, 27–35.

fegwu, C., Igwo-Ezikpe, M.N., Anyakora, C., Osuntoki, A., Oseni, K.A., Alao, E.O.,
2013. 1-hydroxypyrene levels in blood samples of rats after exposure to
generator fumes. Biomark Cancer 5, 1–6.

nternational Bank for Reconstruction and Development, 2017. The State of
Electricity Access Report. The World Bank Group, pp. 1–80.

RENA, 2018. Global Energy Transformation: A Roadmap to 2050. International
Renewable Energy Agency, Abu Dhabi, pp. 1–73.

iu, H., Azuatalam, D., Chapman, A.C., Verbič, G., 2019. Techno-economic
feasibility assessment of grid-defection. Electr. Power Energy Syst. 109,
403–412.

uckow, P., Stanton, E.A., Fields, S., Biewald, B., Jackson, S., Fisher, J., Wil-
son, R., 2015. Carbon Dioxide Price Forecast. Synapse Energy Economics Inc.,
Massachusetts, USA, pp. 1–32.

urugaperumal, K., Srinivasn, S., Prasad, G.R.K.D.S., 2020. Optimum design of
hybrid renewable energy system through load forecasting and different
operating strategies for rural electrification. Sustain. Energy Technol. Assess.
37, 1–16.

lówósejéjé, S., Leahy, P., Morrison, A.P., 2019. The economic cost of unreliable
grid power in Nigeria. Afr. J. Sci. Technol. Innov. Dev. 11 (2), 1–11.

lówósejéjé, S., Leahy, P., Morrison, A.P., 2020. A practical approach for increased
electrification, lower emissions and lower energy costs in africa. Sustain.
Futures 2, 1–10.

xford Institute for Energy Studies, 2018. Electrifying africa. Oxford Energy
Forum 115, 1–51.

yewo, A.S., Aghahosseini, A., Ram, M., Breyer, C., 2020. Transition towards
decarbonised power systems and its socio-economic impacts in West Africa.
Renew. Energy 154, 1092–1112.

effley, T.B., Pearce, J.M., 2020. The potential for grid defection of small and
medium enterprises using solar photovoltaic, battery and generator hybrid
systems. Renew. Energy 148, 193–204.

asheed, R., Rizwan, A., Javed, H., Yasar, A., Tabinda, A.B., Bhatti, S.G., Su, Y., 2020.
An analytical study to predict the future of Pakistan’s energy sustainability
versus rest of South Asia. Sustain. Energy Technol. Assess. 39, 1–21.

olls Battery Engineering, 2019. Battery User Manual Surrette Battery Company
Limited. pp. 7, 9 and 10–14.

he Economist Intelligence Unit, 2016. Power Up: Delivering Renewable Energy
in Africa. The Economist Group, pp. 1–31.

eilleux, G., Potisat, T., Pezim, D., Ribback, C., Ling, J., Krysztofinski, A., Ahmed, A.,
Papenheim, J., Pineda, A.M., Sembian, S., Chucherd, S., 2020. Techno-
economic analysis of microgrid projects for rural electrification: A systematic
approach to the redesign Koh Jik off-grid case study. Energy Sustain. Dev.
54, 1–13.

https://doi.org/10.1016/j.egyr.2021.03.039
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb1
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb1
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb1
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb1
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb1
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb2
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb2
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb2
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb2
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb2
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb3
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb3
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb3
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb3
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb3
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb4
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb4
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb4
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb4
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb4
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb5
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb5
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb5
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb5
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb5
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb5
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb5
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb6
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb6
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb6
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb6
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb6
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb7
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb7
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb7
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb8
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb8
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb8
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb8
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb8
http://www.soda-pro.com/web-services/radiation/cams-radiation-service
http://www.soda-pro.com/web-services/radiation/cams-radiation-service
http://www.soda-pro.com/web-services/radiation/cams-radiation-service
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb10
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb10
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb10
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb10
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb10
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb11
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb11
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb11
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb11
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb11
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb11
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb11
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb12
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb12
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb12
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb12
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb12
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb13
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb13
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb13
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb13
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb13
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb14
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb14
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb14
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb14
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb14
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb14
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb14
https://www.ey.com/en_ie/power-utilities/how-net-zero-emissions-present-the-power-sector-with-an-opportunity
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb16
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb16
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb16
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb16
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb16
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb17
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb17
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb17
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb17
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb17
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb18
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb18
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb18
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb18
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb18
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb19
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb19
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb19
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb19
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb19
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb20
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb20
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb20
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb20
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb20
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb21
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb21
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb21
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb21
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb21
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb22
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb22
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb22
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb23
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb23
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb23
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb23
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb23
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb24
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb24
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb24
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb25
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb25
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb25
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb26
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb26
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb26
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb26
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb26
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb27
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb27
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb27
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb27
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb27
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb28
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb28
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb28
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb28
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb28
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb28
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb28
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb29
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb29
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb29
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb30
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb30
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb30
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb30
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb30
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb31
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb31
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb31
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb32
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb32
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb32
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb32
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb32
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb33
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb33
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb33
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb33
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb33
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb34
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb34
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb34
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb34
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb34
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb35
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb35
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb35
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb36
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb36
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb36
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb37
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb37
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb37
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb37
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb37
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb37
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb37
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb37
http://refhub.elsevier.com/S2352-4847(21)00209-2/sb37

	Optimising photovoltaic-centric hybrid power systems for energy autonomy
	Introduction
	Review of relevant studies
	The viability of grid defected power system solutions
	The factors considered when designing grid defected power system solutions
	How the choice of power system solutions explains the difference between the energy landscape of advanced economies and emerging economies
	The knowledge gap

	Method
	Design consideration for power systems' performance analysis
	Solar resource
	Load demand determination
	Technologies considered

	Metrics considered for power systems' performance assessment
	Technical assessment (Reliability)
	Economic assessment (Affordability)
	Environmental assessment (Sustainability)


	Results
	Categorisation of theoretical solutions
	Categorisation of practical solutions —  2nd order of systems elimination
	Optimum power system solution —  3rd order of systems elimination (1st priority level)
	Summary of results

	Discussion
	Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgement
	Appendix A. Supplementary data
	References


