Accepted Manuscript E

Renewable Energy

AN INTERNATIONAL JOURNAL

Optimal Mapping of Hybrid Renewable Energy Systems for Locations Using Multi-
Criteria Decision-Making Algorithm

E.O. Diemuodeke, A. Addo, C.0O.C. Oko, Y. Mulugetta, M.M. Ojapah

PII: S0960-1481(18)31374-0

DOI: 10.1016/j.renene.2018.11.055
Reference: RENE 10818

To appear in: Renewable Energy

Received Date: 19 May 2018

Accepted Date: 13 November 2018

Please cite this article as: E.O. Diemuodeke, A. Addo, C.O.C. Oko, Y. Mulugetta, M.M. Ojapah,
Optimal Mapping of Hybrid Renewable Energy Systems for Locations Using Multi-Criteria Decision-
Making Algorithm, Renewable Energy (2018), doi: 10.1016/j.renene.2018.11.055

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to
our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form.
Please note that during the production process errors may be discovered which could affect the
content, and all legal disclaimers that apply to the journal pertain.



O 0 9N n B~

10
11
12

13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

32

33
34

35

36
37
38
39
40
41
42
43
44
45
46
47
48

Optimal Mapping of Hybrid Renewable Energy Systems for Locations Using Multi-
Criteria Decision-Making Algorithm

E.O. Diemuodeke!, A. Addo?, C.0.C. Oko', Y. Mulugetta®* and M.M. Ojapah!

"Department of Mechanical Engineering, Faculty of Engineering, University of Port
Harcourt, PMB 5323, Port Harcourt, Rivers State, Nigeria.

>The Energy Centre, College of Engineering, Kwame Nkrumah University of Science and
Technology, Kumasi, Ghana.

3Department of Science, Technology, Engineering & Public Policy (STEaPP), University
College London, UK.

*Corresponding Author: ogheneruona.diemuodeke@uniport.edu.ng
Abstract

This paper presents the optimal mapping of hybrid energy systems, which are based on wind and PV,
with the consideration of energy storage and backup diesel generator, for households in six locations
in the South South geopolitical (SS) zone of Nigeria: Benin-city, Warri, Yenagoa, Port Harcourt, Uyo
and Calabar. The optima hybrid energy systems are able to meet 7.23 kWh/day of a household’s
electrical energy. The hybrid energy system for each of the locations was optimally chosen based on
HOMER software computation and TOPSIS multi-criteria decision-making algorithm that considers
technical, economic, environmental, and sociocultural criteria. Wind energy potential was conducted
for the six locations using the Weibull distribution function; the wind speed ranges between 3.21-4.19
m/s at 10m anemological height. The wind speeds and the wind characteristics were extrapolated for
30 m and 50 m hub heights. The solar resource potential across the six locations is also presented —
ranges between 4.21 — 4.71 kWh/m?/day. The best hybrid system for the locations in Benin-city,
Yenagoa and Port Harcourt is the Diesel generator-PV-Wind-Battery system; whereas the best hybrid
system for the locations in Warri, Uyo and Calabar is the PV-Wind-Battery system. The hybrid
systems in Benin-city, Yenagoa and Port Harcourt emit CO,; only 8.47%, 15.02% and 14.09% of the
business as usual (the diesel generator). The payback time ranges between 3.7 — 5.4 years, using the
business as usual cost of energy of 0.893 US$/kWh; whereas the cost of energy of the hybrid systems
ranges between 0.459 — 0.562 US$/kWh, which compares well with available literature in the public
domain. The design parameters of the optima hybrid energy systems are also presented. The
methodology presented here will serve as a design tool for renewable energy professionals.

Keywords: Hybrid Renewable Energy, Multi-Criteria, TOPSIS, Techno-Economic, Environment,
HOMER Software

1 Introduction

There is a consensus agreement that available useful modern energy is the driver of socioeconomic
and technological developments in every society; electricity is the most demanded modern energy,
which forms the nucleus of the Sustainable Development Goals (SDGs). Therefore, there is a strong
need to provide electrical energy globally to about 1.3 billion people live without the electrical energy
(Karakaya and Sriwannawit 2015). Of this total, over 600 million are in Sub-Saharan Africa countries,
and Nigeria accounts for about 93 million; Nigeria has the world’s largest electricity access deficit
only after India, which has manifested in poor development progress (The World Bank 2017).
Although Nigeria’s electrification rate is on a steady increase, the rate of growth falls short of meeting
electricity demand as the country’s electrical energy generation growth rate is put at 93% over 20
years horizon, whereas Indonesia and Bangladesh growth rates are, respectively, put at 372% and
451% in the same time horizon (GIZ 2015). The rural communities are the worst hit by the deficit
access to electricity in Nigeria, as about 59% of the rural dwellings live without electricity, with
electricity availability of 16.1%(The World Bank 2018).
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Nigeria is located on the west coast of Africa, with a projected population of about 170 million
people. Nigeria occupies an important position in the sub-Saharan Africa — in terms of primary energy
supply, population, economy and politics. Nigeria covers 923,770km? geographical area, with six
geopolitical zones, as shown in Figure 1, and of which total land area is 910,770km?, with extensive
coastline of approximate area of 853km2. The South-South Geopolitical zone (SS zone), the
geographical Niger delta, see Figure 1, occupies about 7.5% of the Nigeria’s geographical area (
~ 69,283 km?), and houses 6 states (Akwa-Ibom, Bayelsa, Cross-River, Edo, Delta and Rivers) of
the 36 states of Nigeria — the circles in Figure 2 indicate strategic towns in the Niger Delta region. The
region is rich in both renewable and non-renewable natural resources — large proportion of Nigeria’s
oil and gas reserves and production is from the region. Significant proportion of the SS zone is
domicile in rugged coastline terrains, which, normally, do not support grid-connected electricity
supply, with just 8.5% rural electrification and 17.8% electricity availability, the lowest, only after the
South-East geopolitical zone (15.3% availability), in Nigeria (The World Bank 2018). The Niger
Delta rural poor rely heavily on firewood, petrol, diesel, kerosene, candle and others crude fuels to
meet their heating and lighting needs, which have adverse effects on health of inhabitants and climate
change mitigation.
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[ north-west Region
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Figure 1 Nigeria Map Showing Geo-Political Zones

Life Cycle Analysis (LCA) of the Nigerian electricity sector revealed that there is a significant
environmental impact, which is strongly associated with the overwhelming use of fossil fuels in the
energy mix (Gujba, Mulugetta, and Azapagic 2010). The environmental impact is expected to be more
significant with the continuous utilisation of absolute fossil fuel driven energy systems, especially in
the rural coastline communities that rely on firewood and diesel generators to meet their energy needs.
Therefore, a promising solution to the energy starvation of the rural areas and climate change would
be the deployment of a decentralised energy projects through the utilisation of renewable energy (RE)
sources(Sokona, Mulugetta, and Gujba 2012; Khare, Nema, and Baredar 2016; Thiam 2011), as a
majority of the rural coastline areas has dispersed settlements in rugged terrain with relatively low
energy demand(Mahmoud and Ibrik 2006; Thiam 2011; Aslani, Helo, and Naaranoja 2013). The
Nigerian Ministry of Power has identified RE technologies utilisation as a way of curbing the energy
and power crisis, and climate change bedevilling Nigeria (Federal Ministry of Power 2015). Besides,
the trend in energy utilisation globally is towards drastic reduction in the dependence on the depleting
and expensive fossil fuels (Khare, Nema, and Baredar 2016; Lal, Dash, and Akella 2011; Lambert,
Gilman, and Lilienthal 2006; Leonforte and Pero 2015; Siddaiah and Saini 2016; de Christo et al.
2016; Federal Ministry of Power 2015), primarily due to their adverse impact on the environment
such as their global warming potential (GWP), greenhouse gas (GHG) emissions, which normally
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lead to many negative effects including climate change, receding of glaciers, rise in sea level, and loss
of biodiversity.

Wind and solar energy technologies are the fastest growing RETs for power generation in recent
years, as demonstrated in Figure 2. The trend of the wind and solar energy capacity seen in Figure 2
will continue to be steady due to technological ‘disruption’ which has seen the cost of wind turbine
and PV at an all-time low, and decreasing (IRENA 2017). The implication is that the levelised cost of
energy will continue to come down to an affordable rate, even as a standalone application, which will
see the aggressive acceptance of the RETs in the rural communities. Reduced project execution time
of solar and wind energy conversion technologies also favour the general adoption of solar and wind
energy interventions — this is very crucial in the Nigeria’s administrative structure due to
abandonment of projects (Babatunde and Dandago 2014). However, wind and solar are considered
variable renewable energy technologies because they can only independently supply energy
intermittently without a storage device (Zhou et al. 2018). The variability challenge requires the
hybridisation of wind-PV to play a complementarily role that guarantees reliable power supply
(Rezaei, Mostafaeipour, and Qolipour 2018). The concept of hybrid energy system is gaining
technical and financial recognitions globally, especially for the off-grid applications, since it is based
on more than one source of energy conversion technology. The hybrid energy system may be cheaper
than a standalone energy system (wind or PV) because the energy storage system for a standalone
system may be oversized for reliability of energy supply, which would manifests in huge overall
system cost (Gan, Shek, and Mueller 2015). However, balancing the hybrid system configuration
optimally based on available energy resources is paramount.
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Figure 2 World’s cumulative renewable electrical power capacity (IRENA 2016)

Dawoud, Lin, and Okba (2017) present a review on hybrid PV-wind turbine energy system with the
consideration of storage device and/or energy backup supply (diesel generator). The authors
maintained that the reliability of the hybrid system is enhanced with the consideration of the battery
storage; that an optimal batteries storage bank capacity is required to supply the facility’s energy
demand during cloudy and non-windy days. New efficient ways of energy practice of solar-Wind
hybrid system were also presented. Hybrid PV-Wind-Diesel-Battery system for telecommunication
applications has been investigated in Khan, Yadav, and Mathew (2017). The authors investigated five
different hybrid systems — PV-Wind-Diesel-Battery, PV-Diesel-Battery, PV-Wind-Diesel, Wind-
Diesel and PV-Diesel. But the investigation is only on technical and economic considerations.
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Singh and Fernandez (2017) present optimal hybrid PV-and wind energy conversion technologics
couple with energy storage unit for a remote area located in India. Popular optimisation tools (Cuckoo
Search, Genetic Algorithm and Particle Swarm Algorithm) were considered for the analysis, which
only balance available solar and wind resources against capital cost of the systems to obtain the
combination of the hybrid system that gives the minimal cost of energy generated. Effects of resource
availability and system capital cost on the cost of energy generated were investigated. Ramli,
Bouchekara, and Alghamdi (2018) present the optimal sizing of a PV-Wind-Diesel tied with battery
bank to supply reliable and uninterrupted power for a city in Saudi Arabia. The multi-objective self-
adaptive differential evolution optimisation algorithm was used for the investigation. The major
consideration of the optimisation process is on energy management strategy required to coordinate the
size of different components of the hybrid system.

Fantastic as the testimonies of hybrid renewable energy rural electrification suffice, there are cases
where their adoptions do not solve the energy challenges of the rural poor, especially in the Global
South, e.g. sub-Saharan Africa rural communities (Cloke, Mohr, and Brown 2017; Akuru et al. 2017).
This observation can be attributed to the consideration of limited set of criteria, normally technical
and economic only, without the consideration of the end users’ personalities, which obscure the
decision outcomes of renewable energy projects — design and implementation decisions(Mulugetta et
al. 2005). Specifically, decisions on appropriate rural energy intervention projects are constrained by
technical, economic, financial, environmental and sociocultural issues. Rezaei, Mostafaeipour, and
Qolipour (2018) investigated optimal location of a hybrid wind-solar plant using fuzzy Technique for
Order Preference by Similarity to Ideal Solution (TOPSIS) based on multi-criteria consideration. The
study ranked seven locations suitable for wind-solar electrification project without establishing the
appropriate hybrid system for each of the locations. However, the TOPSIS analysis has been shown as
a veritable optimisation tool for multi-criteria decision-making space — environmental, technical,
economic, financial and sociocultural as they are related to rural energy application (Sengiil et al.
2015; Cayir Ervural, Evren, and Delen 2018; Rezaei, Mostafaeipour, and Qolipour 2018;
Diemuodeke, Hamilton, and Addo 2016).

The deployment of RE technologies (RETs) is dependent on the availability of RE sources in the
chosen locality. Precise data (resource and load) are of most importance in the design and planning of
RETs in a given site. Many research works have been devoted to RETs with battery energy storage
system for rural communities (Baghdadi et al. 2015; Bhandari et al. 2014; Engin 2013). Therefore, the
driving force for this present work is the exploration of hybrid energy system, which is based on wind
and PV, with the consideration of energy storage and backup diesel generator for households in six
locations in the South-South geopolitical (SS) zone of Nigeria. The hybrid energy system for each of
the locations will be optimally chosen based on a multi-criteria decision-making algorithm that
considers technical, economic, environmental, and sociocultural issues.

2  Materials and Methods

The methodology is segmented into three phases, as shown in Figure 3 — Phase 1: resource
assessment, load demand assessment and cost assessment; Phase 2: optimal design using HOMER!
software platform; and Phase 3: location based optimal system configuration using multi-criteria
decision-making (MCDM) algorithm based on the Technique for Order Preference by Similarity to
Ideal Solution (TOPSIS), which has seen many applications in renewable energy deployment (Sengiil
et al. 2015; Cayir Ervural, Evren, and Delen 2018; Colak and Kaya 2017; Sindhu, Nehra, and Luthra
2017; Kumar et al. 2017). The outputs from the facility energy demand, resource analysis and the cost
data serve as input data to the HOMER software platform. The outputs from HOMER software and
other data related to technical, economic, financial, environmental and sociocultural serve as input
data in the multi-criteria decision-making algorithm, the TOPSIS analysis. The alternatives considered
are diesel generator energy system (GES), diesel generator-battery energy system (GBES), PV-battery
energy system (PBES), wind-battery energy system (WBES), diesel generator-PV-battery energy

I 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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system (GPBES), diesel generator-wind-battery energy system (GWBES), PV-wind-battery energy
system (PWBES) and diesel generator-PV-wind-battery energy system (GPWBES).

Phase 1: Resources assessment Demand assessment Cost assessment
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Figure 3 Methodology

2.1 Assessment

The household load demand assessment, solar and wind resources assessment and cost assessment are
presented in the subsequent subsections.

2.1.1 Demand assessment

Estimation of hourly electrical energy demand (energy demand profile) of a given facility is
paramount in the optimal sizing of RE system (Boait, Advani, and Gammon 2015), since the RE
sources are normally transient in supply. Electrical energy demand of coastline communities in the SS
zone has been conducted in Diemuodeke et al. (2017). In conducting the demand, appropriate
questionnaires were designed to capture all aspects of energy consumption and basic family
background of a given household. Community visitations and interviews were undertaken to assess
existing and future electrical energy demand of representative coastline communities. Within the
sampled area, 12 coastline communities (two each from a state) were systematically chosen to cover
the entire SS zone. The two communities selected from each of the six states feature the existing
electrical energy demand (EED) and the attribute of future electrical energy demand (FEED).
Candidate households for the estimation of EED have diesel generating sets without access to 24 hour
electricity; whereas households for the estimation of FEED have 24 hours supply of electricity, which
they derived from nearby oil producing companies’ facilities (e.g. field logistic base). In all, 240
households were considered for the estimation of the household energy demand (twenty households
were randomly selected from each of the 12 candidate rural coastline communities). The featured
households’ energy demand appliances are: ceiling fan, table fan, TV, portable stereo, fluorescent
light, CD player, pressing iron, A/C, washing machine and others (e.g. phones, rechargeable lanterns,
laptops, etc). The energy demand estimation in Diemuodeke et al. (2017) considered all available
appliances, which is against the consideration of only appliances of up to 100W power rating in the
estimate by Adeoti, Oyewole, and Adegboyega (2001) for the South-West geopolitical zone.

The average hourly electrical load requirement of an appliance per household in a given day, E kj
(Wh/household/day), was computed by Equ.(1). Equ.(1) was independently used for the EED and
FEED cases (Diemuodeke et al. 2017).

Z[_VHPS

E ‘N—H;j =0,1,2,..,23 (1)

K~
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where” P(kW) is the power consumed by an appliance ina given hour, N, is total number of

household, k is a superscript representing the given appliance, i is the current household, j is the
current hour of the day.

The average hourly energy demand per household per day, E Kkj (Wh/household/day), was computed

according to Equ.(2).
A .
Ej = ZkEk].;] =0,1,2,..23 2)

where A is total number of appliances.

The average daily energy requirement, E (kWh/household/day), was obtained by Equ.(3)

m

E™ =37 E;m e {(EEL, FED) 3)

The average of EED and FEED energy demand scenario, which represents the future base energy
demand (FBED), was computed according to Equ.(4).

EEEL + EFED

Ey=—7%— 4)

2.1.2 Resource Assessment
2.1.2.1 Wind assessment

There are two methods available in evaluating wind potential — (i) measured values at meteorological
stations, and (ii) use of probability distribution function. The probability distribution function has
been widely applied, due to its simplicity and less computation. Under the probability distribution
function, the Weibull distribution is favoured and adjudged best for regional wind energy estimation
due to its flexibility and simplicity (Quan and Leephakpereeda 2015; Mohammadi and Mostafaeipour
2013; Babayani et al. 2016).

Wind speed distribution is a pertinent factor in the evaluation of wind resource potential for power
generation in a given location (Genchi et al. 2016). The Weibull probability density function of
observed wind speed data can be computed as (Mohammadi and Mostafaeipour 2013; Genchi et al.
2016; Babayani et al. 2016):

fp(v) = %(z)k i 1@ i (;) (5)

where k (-) is the shape factor, ¢ (m/s) is the scale factor, and v [m/s] is wind speed.
The Weibull’s cumulative distribution function can be expressed as follows:

&
fw=1-e ° (6)
There are several methods to evaluate the Weibull factors — graphical method, moment method,
standard deviation method, maximum likelihood method, energy pattern factor method and power

density method (Mohammadi and Mostafaeipour 2013). However, the standard deviation is adopted
in this analysis due to its straightforward and flexible computational approach.

In the standard deviation method, the Weibull factors can be obtained as (Paul, Oyedepo, and
Adaramola 2012; Mohammadi and Mostafaeipour 2013):

o - 1.086
k=(9 (7)
and

c= @ ®)

where v (m/s) and o (-) are respectively the mean wind speed and standard deviation of wind speed at
a given location specified at any timescale, which can be respectively computed as follows:
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1 N —\2
0= [(ﬁzi = 1(171' -v) )
Also, T'(x), which is the gamma function, is defined as (Paul, Oyedepo, and Adaramola 2012):
F(X) = fgoe(_u)u(x_l)dx (11)

(10)

The optimum wind speed (v Op), which represents the wind speed that carries the maximum amount of

wind energy, can be computed accordingly as (Genchi et al. 2016):

(12)

The power of the wind, P (W), flowing through a sweep area of a wind turbine is proportional to the
cube of wind speed and can be calculated by the following equation:

5 =1+9)"

1 .3
P =5pAv (13)

where p (kg/m?) is the density of air, which is normally taken as 1.225 (kg/m?) (Mohammadi and
Mostafaeipour 2013; Paul, Oyedepo, and Adaramola 2012), and A (m?) is the sweep area of the rotor
blades.

The wind power density, P (W/m?) is, therefore, given as:
— P 1 3
=3~ Epv (14)

The expression for wind power density based on the Weibull probability density is given as (Okeniyi,
Ohunakin, and Okeniyi 2015):

P=3pcr(1+}) (15)

The wind speed parameters could be extrapolated to higher anemometer altitudes, since wind blows
fast with increase in altitude. The calculation procedures for extrapolating wind speed parameters at
height h are done, respectively, for the shape factor, scale factor, average wind speed, and wind power
density, as follows (Mohammadi and Mostafaeipour 2013):

k

k, =——F 16

" [1-o0.088mn (55)] (16)
11 [0.37 - 0.0881n ()]

“h= C(ﬁ) (17)

— 1

v, = chF(l + kj) (18)

and

— 1 3 3

Ph=§pChF(1 +k*h) (19)

It should be noted that the above extrapolation expressions are used after which the parameters at 10m
anemometer height (k,c, v and P) have been established.

The coefficient of variation (COV) is the ratio of standard deviation to mean wind speed, which
demonstrates the variability of wind speed. The coefficient of variation is mathematically defined in
percentage as (Mohammadi and Mostafaeipour 2013; Babayani et al. 2016):

COV =2x100 (20)
v
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2.1.2.2 Solar assessment

The global solar irradiance estimated in Diemuodeke et al. (2017) for the same locations sufficed. PV
arrays generate direct current (DC) voltage when solar irradiance incident on the PV arrays, and the
power output from the PV can be computed as follows (Olatomiwa 2016; Lambert, Gilman, and
Lilienthal 2006):

G
Pt = Pratea X fpv(?ef) X [1 + KT,pv(Tc B Tref)] 1)

where P . (kW), fpv (%), Gref (kW/m?), G(kW/m?), KT‘pv, Tref and T are the PV rated power at

standard test condition (STC), the PV derating factor, the radiation at STC, the global solar irradiance
incident on the PV surface, the temperature coefficient of the PV module, the cell temperature at STC
and PV cell temperature, which can be approximated as T, =T, , + 0.0256G according to Duffie

and Beckman (Duffie and Beckman 1991), respectively; T, . is the ambient temperature. The effects

of wind and humidity on the solar PV performance were not considered since studies have shown that
they have moderate effects on the PV module efficiency (Kaldellis, Kapsali, and Kavadias 2014;
Bhattacharya, Chakraborty, and Pal 2014).

2.1.3 Cost assessment

Wind turbine: The Bergey Excel 1-R wind turbine is selected for the analysis. This wind turbine is
perfect for low wind speed and off-grid applications; cut-in wind speed is 2.5 m/s. The capital cost of
suggested wind turbine is US$3000/kW at 50m hub height; replacement cost is $2600/kW and annual
maintenance cost is $50/kW, which are based on customer proforma invoice. The expected lifespan of
the wind turbine panel is assumed to be 20 years.

PV Arrays: The MLU250HC PV module is suggested for the current analysis. The suggested panel is
rated 250W,, (at 1000 W/m? and 25°C) and 31 V with estimated capital, replacement and maintenance
costs of US$2.5/W,,, US§1.9/W,, and US$100/year, respectively. This cost includes support structure,
civil work, balance of system and land cost, which is based on extensive research on the PV panel
cost estimate. A derating factor of 90%, which is associated with high operating temperature, and
14% module efficiency were applied to the electrical production from the PV panel. The expected
lifespan of the PV panel is assumed to be 25 years.

Diesel generator: The generic diesel generator cost is based on market survey data as follows: unit
cost of generator is 600US$/kW (including civil and electrical installation), replacement cost is
500US$/kW, fuel cost 1.10US$/Litre, maintenance cost is 0.015US$/hour and service life is
15,000hours.

Batteries: The battery serves as the energy storage medium during the day and supplies energy during
capacity shortage. The Trojan T-105 battery was suggested for the current analysis. The suggested
battery has the following nominal performance specifications: 6 V maximum power voltage, 230Ah
(1.38 kWh) capacity and 85% battery efficiency. It has a life span of 5 years. The estimated cost for
the battery is US$300 and US$240 for capital and replacement, respectively.

Converter: Normally, the electric power produced by the PV is in direct current (DC) power form,
which is directly stored in the battery through the charge controller. The converter embodies the
inverter and the charge controller. The inverter converts the DC to alternative current (AC) power and
is capable of meeting the power rating of the household. Its efficiency is assumed to be 90%, with
estimated unit cost of US$0.30/W. The lifespan of the inverter is assumed to be 15 years.

Financial costs: The prevailing discount rate under Nigeria’s stable economy is adopted as 9%
(Diemuodeke et al. 2017; Gujba, Mulugetta, and Azapagic 2010), which represents a ten-year historic
average (2007-2016) (Trading Economics 2017). The project lifespan is considered to be 20 years.
However, many literature in the open domain have shown that PV modules are warranted in the range
between 25 and 30 years (Ouedraogo et al. 2015).

2.2 HOMER analysis

The system configuration of the hybrid system for remote area power supply system comprises wind
turbine, PV arrays, batteries, inverter, charge controller and balance-of-system, as shown in Figure 4.
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To assess the feasibility and the optimal designof the hybrid system, the HOMER software is used for
the modelling. The optimisation computational algorithms of the HOMER software allow the rapid
and robust techno-economic evaluations of various energy technology options by accounting for the
cost of energy alternatives and availability of renewable energy resources. The HOMER software has
high computation fidelity within the comity of energy systems engineers. The HOMER uses the load
demand, the resources, the components details (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
value (NPV). The NPV, which is the present cost of 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
(Shahzad et al. 2017).

The NPV the system can be related to the Annualised Life Cycle Cost (ALCC) of the system, which
represents the present day worth of money, as (Oko et al. 2012)

ALCC = F(i, N)NPV (22)
where F(i,N) is the system capital recovery factor, which is related as;

) ia+o"
FILN) = a+d"-1 23)

The cost of electricity (COE), which represents the average cost per kWh of the electrical energy
generated by the system, can be calculated as;

ALCC
z (24)

s

COE =

where E_ (kWh/year) is the actual electrical energy served by the system.

Another parameter for measuring economic merit of an energy system is the break-even point (BEP)
or the payback time (PBT), in years. The BEP is the number of years it takes to recover an
investment’s initial cost, which is calculated on the simple analysis case as follows

CINV

PBT = m (25)

where C;, is the initial capital investment and UEC ($/kWh) is the cost of energy of the business as
usual (BAU) energy system (i.e. COE of GES), see Table A.1 for the COE of GES.

All the basic technical and economic calculations, Equs (13), (21), (22) through (24) are appended in
the HOMER Software computational algorithm.
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Figure 4 The hybrid system on HOMER schematic window
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2.3 TOPSIS analysis

Technique for Order of Preference by Similarity to Ideal Solution (TOPSIS) is one of the multi-
criteria decision-making (MCDM) algorithms. TOPSIS offers some advantages over other MCDM
algorithms in the form of: comprehensibility, simplicity, rationality, computational efficiency and
simple mathematics that relate the relative performance of featured alternatives(Roszkowska 2011).
These advantages have seen the adoption of TOPSIS in some of the decision making methods in the
field of renewable energy research (Sengiil et al. 2015; Cayir Ervural, Evren, and Delen 2018; Colak
and Kaya 2017; Sindhu, Nehra, and Luthra 2017; Kumar et al. 2017).

To deploy the TOPSIS method, the following algorithm applies.
Step 1. Specify the criteria (m) and the alternatives (n)
i=123,...,mandj=123,..,n
Criteria come in: positive criteria (i.e. more is better) or negative criteria (i.e. less is better).

Step 2: Construct the decision matrix, X, and the weight of criteria, W,
Let X = {xij}, be the decision matrix and W = [w,] a weight vector, where Z;n: W =1
and X is the element of the decision matrix that resides in the i-th column and j-th row.

Step 3: Obtain the normalised matrix R.
This is done by applying Equ (26) as follows:
R={0r,)}= (Zr_jzé)l/z 26)
where: Ty is the element of the normalised matrix that resides in the i-th column and j-th
row.
Step 4: Calculate the weighted normalised matrix, V.
This can be calculated according to Equ (27);
V= {vl.j} =R xXW (27)
where vy is the element of the weighted normalised matrix that resides in the i-th column
and j-th row.

Step 5: Determine the positive and negative ideal solutions

Step 5.1: Positive ideal solution, A *

At = (171-,,_.,‘!7-:.-,... ,17;;) = {(max vy ieP),(mjin vy ieN)} (28a)
Step 5.2: Negative ideal solution, A
A = (vI,...,v;,... ,v;l) = {(m_in vy ieP),(mjn vy ieN)} (28b)
j J

where P is associated with positive criteria and N with the negative criteria.

Step 6: Calculate the relative distance of each solution from the positive ideal solution and to the
negative ideal solution

Step 6.1: Relative distance from the positive ideal solution using Euclidean metric, S ;r

2
$T = ng’l:l(vj - v) =12 (29a)

Step 6.2: Relative distance from the negative ideal solution using Euclidean metric, S;

- - 2
S7= [Z - v =12.m (29b)
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Step 7: Calculate the relative closeness of cach alternative to the ideal solution; the ideal solution'is 1.

S
J .
Cj = S; S;,O < Cj <1lj=12,.n (30)

In this analysis, j=|GES,GBES,PBES,WBES,GPBES,GWBE
S,PWBES,GPWBES] = [1,2,3,4,5,6,7,8] represents the alternatives whereas the criteria are listed in
Table 1. The table shows characteristics of the fifteen (15) criteria considered. The weights of the
criteria are gotten from literature (Roszkowska 2011) and expert opinion as shown in Table 1 after
normalisation. The scores for the criteria are gotten from the HOMER results, the analysis of the
literature (Lozano-minguez, Kolios, and Brennan 2011), the questionnaire and the engineering
expertise.

Table 1 Characteristics of the criteria

i Criteria Type Weight

1 Initial capital cost, $ negative (-) 0.089202
2 Operation and maintenance cost, $ negative (-) 0.070423
3 Cost of energy, $/kWh negative (-) 0.089202
4 Cost of fuel, $ negative (-) 0.061033
5 CO, emissions, kg/year negative (-) 0.089202
6 Environmental impact, - negative (-) 0.079812
7 Unmet load, kWh/year negative (-) 0.032864
8 Net present cost, $ positive (+) 0.070423
9 Renewable fraction, % positive (+) 0.042254
10 Sociocultural awareness, - positive (+) 0.089202
11 Technology readiness, - positive (+) 0.051643
12 Ease of installation, - positive (+) 0.051643
13 Natural resources Availability/predictability/randomness (wind), - positive (+) 0.070423
14 Natural resources availability/predictability/randomness (sun), - positive (+) 0.070423
15 Life cycle assessment, - positive (+) 0.042254

3 Results and Discussion

3.1 Energy Demand per Household in the Coastline Communities

The daily energy demand profile presented in Diemuodeke et al. (2017) for the future electrical
energy demand in the coastline communities of the SS zone, as replicated in Figure 5, is adopted in
the current analysis. The total daily electrical energy demand of the representative household is
7.23kWh/day as the future electrical energy demand (FEED) when the communities are well
electrified (twenty-four hour access to electricity). About 9.5% (~0.68kWh/day) of the total daily
electrical energy consumption represents electrical energy demand for lighting. It should be noted that
the SS zone has affinity for modern electrical appliances because of the presence of oil exploration
and production activities. Furthermore, the daily energy consumption of the representative household
is about the average of the household energy demands presented in available papers in the open
domain against the doubling effect of electricity demand every 12 years (Adeoti, Oyewole, and
Adegboyega 2001; Ogbonna, Onazi, and Dantong 2011; Okoye, Taylan, and Baker 2016; Ajao,
Oladosu, and Popoola 2011). It is proposed that the PV can serve medium (7.23 kWh/day) and low
(under 1 kWh) consumers. The medium consumers would be incentivised to buy into PV because the
grid is not reliable; and the low consumers would be driven by the SDG 7 access agenda.

11



414
415

416

417
418
419
420
421
422
423
424

425
426

427
428
429
430
431
432
433
434
435
436
437

700
B Ceiling fan

M Table fan

1 =1v

M Portable Stereo
500 1 ® Fluorescent light

(=)
(=3
(=]

M Refrigerator

Household Electrical Demand, W

400 4 M Incandescent light
M Pressing Iron
300 1 A/C
CD player
Others
2 L
00 M Total[Wh]
100 1
0 L

o 1 2 3 4 5 6 7 HéurlyTim&k 11 12 13 14 15 16 17 18 19 20 21 22 23

Figure 5 Typical household daily electrical energy demand (Diemuodeke et al. 2017)

3.2  Wind speed data

Measured monthly wind speed data at anemometer height of 10m from the Nigerian Meteorological
Agency (NIMET) for the selected sites, as shown in Figure 6: Benin-city (Edo State), Warri (Delta
State), Port Harcourt (Rivers State), Uyo (Akwa-Ibom State) and Calabar (Cross-River State) across
the SS zone, for 7 year period (January 2007 — December 2013), were used for the current analysis.
There are no available measured data for Yenagoa (Bayelsa State), however, the NASA SEE data
(NASA 2015) monthly averaged anemological data for over a 22 year period (July 1983 — June 2005)
was cross-plotted with the measured data from NIMET, to obtain appropriate correction factor to
interpolate for the Yenagoa site.

|2 I ® Ohodo Abba Ogoja

- ~, z
Okitipupa s . =
i # < % Enugu

. \ o
Benin City }  lobanke Ngwo Abakaliki g

Figure 6 Selected sites for resource assessment

Figure 7 shows the monthly averaged wind speed of the selected sites within the six states of the SS
zone at anemometer height of 10m. It could be inferred from the figure that the wind speeds within
the SS zone have the same pattern, which is slightly different from the pattern recorded in (Okeniyi,
Ohunakin, and Okeniyi 2015). The slight change in pattern may be attributed to climate change and
the span of data acquired. On the average, the wind speed is lowest in the month of May and highest
in the month of August. The months of June-October feature relatively high wind-speeds, which are
associated with the rainy season. The months of December — April feature moderate wind speed,
which are associated with the dry and harmattan of the tropical rain forest (or equatorial monsoon)
that the SS zone belongs. The season-transition months, May and November, feature low wind
speeds. Calabar and Warri anemological zones feature the highest and lowest wind-speeds,
respectively. The SS zone wind-speed range between 2.837—4.495 m/s.
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Figure 7 Monthly averaged wind-speed of selected sites in the SS Zone at hub height 10m

The Weibull shape factor, respectively, range between 3.038-4.022, 2.568-3.735, 2.703-4.753,
2.748-5.051, 2.676— 4.008, and 3.279-5.587 for Benin-city, Warri, Yenagoa, Port Harcourt, Uyo and
Calabar; whereas the range of Weibull scale factors, are, respectively, 3.400 — 4.435 m/s, 2.892—4.137
m/s, 3.139-5.192 m/s, 3.088-5.490 m/s, 2.984-4.421 m/s, 3.657-6.046 m/s. Table 2 shows the mean
wind-speed, optimum mean wind-speed, standard deviation, coefficient of variation, Weibull shape
factor, Weibull scale factor and power density for the SS zone. The month of September has the
lowest coefficient of variation, which indicates less mutability of wind-speeds in September; whereas
May has the highest wind-speeds mutability. The Weibull shape factor range between 2.840—4.492
and the Weibull scale factor range between 3.184-4.926 m/s in the SS zone. The power density is
highest in the month of August, which implies that the month of August has the highest potential of
wind energy.

Table 2 Average monthly mean wind speed, standard deviation and Weibull factors for the SS zone at
10m

v Vop cov k c P
Month [m/s]  [m/s] o (%] [-] [m/s] W /m?]
January 3.553 3.566 1.104 31.070 3.559 3.946 35.507
February 3.804 3.819 1.110 29.178 3.810 4.208 42.357
March 3.483 3.493 1.103 31.671 3.486 3.872 33.738
April 3.015 3.021 1.091 36.180 3.017 3.375 23.491
May 2.837 2.844 1.085 38.248 2.840 3.184 20.268
June 3.581 3.587 1.106 30.898 3.580 3.975 36.239
July 4315 4321 1.124 26.053 4.309 4.740 59.223
August 4.495 4.506 1.127 25.073 4.492 4.926 66.107
September 4.005 4013 1.117 27.88 4.003 4.419 48.569
October 3211 3.209 1.099 34.225 3.204 3.584 27.485
November 2.886 2.890 1.087 37.678 2.886 3.237 21.135
December 3.150 3.151 1.096 34.807 3.146 3.520 26.213

Figure 8 shows the theoretical probability density function and cumulative distribution function across
the SS zone. Warri and Uyo anemological zones feature sharper peak of the Weibull probability
density curves, which means that the wind-speeds in Warri and Uyo are more uniform than the other
anemological zones. The cumulative distribution functions indicate that 61, 47, 60, 62, 51 and 78% of
wind-speeds in Benin-City, Warri, Yenagoa, Port Harcourt, Uyo and Calabar anemological zones,
respectively, belong to the wind-speed of 3.2 m/s. It shows that Calabar has the best wind energy
potential within the SS zone. On the average, 61% of wind-speeds in the SS zone belong to wind-
speed of 3.2 m/s, which indicates that a wind turbine with a cut-in wind-speed of 2.5m/s (e.g. Bergey
Excel 1-R) is able to operate in the SS zone with reliable energy generation.
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Figure 8 Weibull probability density and cumulative distribution function curves

The average wind speed characteristics and Weibull factors across the SS zone are presented in Table
3. It shows that Calabar zone has the best wind energy potential in the SS zone, with mean optimum
wind speed and power density of 5.200m/s and 56.751W/m?, respectively. Warri zone has the poorest
wind energy potential, with optimum mean wind-speed and power density of 3.900m/s and
23.781W/m?, respectively. The power density in Warri zone is about 42% of the power density in
Calabar zone. The annual mean values of wind speed, optimum wind speed, standard deviation,
coefficient of variation, Weibull shape factor, Weibull scale factor and power density, respectively,
range between 3.122—4.185m/s, 3.900-5.20m/s, 0.947-1.249, 33.94-29.67%, 3.229-3.739,3.460—
4.630m/s, and 23.781-56.751W/m? in the SS geopolitical zone. The whole SS zone belongs to the
power class one, according to the wind power classification by Yu and Qu (2010), which is
considered to be poor for direct wind power generation. However, the wind energy potential would be
adequate for battery charging and water pumping, i.e. non-connected electrical and mechanical
applications.

Table 3 Annual mean wind speed parameters across SS zone at 10m

Town Geographical aé_(l) i/leg};;a v Vop o cov k c P 5
Location level (m) [m/s] [m/s] [%] [-] [m/s]  [W/m"]
Benin-city 6°20.1°N, 5°36.2°E 77.80 3.512 4436 1.105 3145 3.511 3901 34.433
Warri 5°33.3'N, 5°47.6’E 6.10 3.122 3.900 0.947 3033 3.651 3.460 23.781
Yenagoa 4°55.3'N, 6°16.5°E 17.20 3.523 4557 1.196 33.94 3229 3.925 36.001
Port Harcourt 4°89.9'N, 7°30.0’E 19.50 3.613 4635 1.198 33.15 3312 4.019 38.321
Uyo 5°20.3°N, 7°54.8’E 64.00 3.211 3984 0953 29.67 3.739 3.553 25.604
Calabar 4°58.5°N, 8°20.5’E 61.90 4.185 5200 1.249 29.85 3.713  4.630 56.751

The wind speeds in all the locations were measured at 10m; therefore, Figures 9, 10 and 11 shows the
extrapolated wind speed characteristics at hub heights of 30m and 50m across the SS zone. Figure 9
shows the extrapolated monthly averaged wind speeds at hub heights 30m and 50m.
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Figure 10 shows the extrapolated monthly averaged Weibull factors for anemological zones; Benin-
city, Warri, Yenagoa, Port Harcourt, Uyo, Calabar, and the average in the SS geopolitical zone at hub
height of 30m.
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Figure 10 Extrapolated monthly averaged Weibull factors across the SS zone at 30m

Figure 11 shows the extrapolated monthly averaged Weibull factors for anemological zones Benin-
city, Warri, Yenagoa, Port Harcourt, Uyo, Calabar, and the average in the SS geopolitical zone at hub
height of 50m.
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Figure 11 Extrapolated monthly averaged Weibull factors across the SS zone at 50m

Table 4 shows monthly mean wind-speed, optimum mean wind-speed, Weibull factors and power
density at 30m and 50m hub heights for the SS zone. From Table 4, the power density progressively
increases with increasing hub height.

Table 4 Monthly averaged wind-speed characteristics in the SS zone at 30m and 50m

30m 50m

Month v Vop k c P, v Vop k c P,

m/s]  [m/s]  [-1 [m/s] [w/m?] (m/s]  [m/s] [-1 [m/s] [w/m’]
January 4.748 5.435 3.940 5.243 81.365 5.435 6.580 4.147 5.984 119.863
February 5.054 5.770 4218 5.559 95.836 5.770 6.881 4.439 6.328 140.349
March 4.661 5.340 3.860 5.153 77.567 5.340 6.496 4.062 5.886 114.473
April 4.081 4.700 3.340 4.547 55.344 4.700 5.937 3.515 5.223 82.617
May 3.859 4.454 3.144 4312 48.198 4.454 5.728 3.309 4.965 72.271
June 4.782 5471 3.964 5.278 82.908 5471 6.615 4.171 6.022 122.047
July 5.674 6.445 4.771 6.196 130.699 6.445 7.503 5.021 7.018 189.109
August 5.890 6.680 4.973 6.417 144.672 6.680 7.719 5.234 7.256 208.433
September 5.299 6.038 4.432 5.812 108.761 6.038 7.128 4.664 6.603 158.541
October 4.325 4.969 3.547 4.803 64.087 4.969 6.173 3.733 5.503 95.167
November 3.920 4.523 3.195 4.377 50.114 4.523 5.787 3.363 5.037 75.071
December 4.250 4887 3483 4725 61.323 4.887 6.101  3.666 5418 91217

Table 5 shows annual mean wind speed, optimum mean wind speed, Weibull factors and power
density at 30m and 50m hub heights for locations in the SS zone. It shows that Calabar zone has the
best wind energy potential even at higher hub heights, with mean optimum wind speed and power
density of 6.679m/s and 124.979W/m?, and 7.507m/s and 180.685 W/m?, at 30m and 50m,
respectively. Warri zone has the poorest wind energy potential, however with significant
improvement in wind energy potential at higher hub heights.

Table 5 Annual mean wind speed parameters across SS zone at 30m and 50m

30m 50m
Town v Egp k c P, v Eop [l_c] [mc/s] P,

[m/s]  [m/s] (-1  [m/s]  [w/m?] [m/s]  [m/s] [w/m?]
Benin 4.695 5.773 3.887 5.188 79.045 5.376 6.529 4.091 5.924 116.56
Warri 4218 5.137 4.042 4.651 56.528 4.855 5.843 4.254 5.337 84.697
Yenagoa 4.700 5.909 3.575 5.218 82.004 5.380 6.671 3.762 5.956 120.444
Port Harcourt 4.809 6.003 3.667 5.331 86.887 5.500 6.775 3.859 6.08 127.418
Uyo 4.328 5.241 4.140 4.765 60.537 4.975 5.957 4.357 5.462 90.477
Calabar 5.506 6.679 4.111 6.065 124.979 6.261 7.507 4.326 6.876 180.685

3.3 Solar irradiance data

The solar resource assessment was based on the solar data retrieved from the Nigerian Meteorological
Agency (NIMET) database and the Typical Meteorological Year (TMY2) data, which include solar
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irradiance and ambient temperature,” from both the NASA™Surface Meteorology database and US
National Renewable Energy Laboratory (NREL) database. Onsite solar data acquired from
meteorological stations presented in the literature confirms the reliability and applicability of both the
NASA and NREL solar data for the Africa continent (Tesema 2014). The TMY solar resource
assessment is adjudged adequate for long-term solar energy performance evaluation. The solar energy
assessment was done for the entire SS zone.

Figure 12 represents the monthly averaged solar irradiance of the selected sites in the entire SS zone.
The potential of PV is dependent on the solar irradiance. The monthly averaged of the available daily
solar data of the sites were considered. The monthly and annual averaged solar irradiance range
between 3.315 — 5.371 kWh/m?/day and 4.211 — 4.710 kWh/m?/day, see Figure 12, respectively, and
varies along the SS zone, which can be validated by the Nigeria solar map presented in SOLARGIS
website (SOLARGIS 2017).

On the average, the solar irradiance is low between the month of June and October, which is
associated with the raining season. The solar irradiation is highest between the months of January and
May, which is associated with the dry season. The months of November and December, which is
associated with the Harmattan season, feature moderately high solar irradiance. The comprehensive
data of the solar radiation data presented in Figure 12 serve as input data for the techno-economic
analysis of the hybrid energy system on the HOMER platform.
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Figure 12 Monthly averaged solar irradiance

Table 6 shows the average solar irradiance, the average wind speed of the sites with the corresponding
mean temperature. Uyo zone has the highest solar irradiance while Calabar zone has the highest wind
speed. The implication is that the Uyo zone and the Calabar zone feature the best PV potential and
wind potential, respectively, as both feature relatively low ambient temperatures over the other
locations.

Table 6 Average solar irradiance and wind speed

Sites Solar irradiance Wind speed at 50m Temperature
kWh/m?/day m/s °C
Benin-city 4.66 5.376 25.28
Warri 4.53 4.855 25.59
Yenagoa 4.13 5.380 25.49
Port Harcourt 4.21 5.500 25.33
Uyo 4.71 4.975 2491
Calabar 4.28 6.261 24.67
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3.4 Optimum system selection

The output data from the energy demand, resource and cost assessments serve as input data to the
HOMER analysis, Figure 4 shows the system setup, which is used to size the energy system
alternatives (GES, GBES, PBES, WBES, GPBES, GWBES, PWBES, GPWBES) for all the sites
(Benin-city, Warri, Yenagoa, Port Harcourt, Uyo and Calabar). Wind speeds at hub height of 50 m are
used for the HOMER analysis. The output data from the HOMER analysis are used to populate the
criteria 1 to 9 in Table 1, while data from literature and experts are used to populate the criteria 10 to
15, for all the sites. The populated table forms the decision matrix for each of the six sites; see Tables
A.1 to A.6 in Appendix A, which kick start the TOPSIS analysis.

Equ.(26) is used to operate on the decision matrices (Tables A.1-A.6) to obtain the normalised
decision matrices for all the sites. The combination of the normalised decision matrices and the
weights, shown in Table 1, according to Equ.(27), give the weighted normalised decision matrices.
Thereafter, Equs (28a) and (28b) are used to obtain the positive and negative ideal solutions,
respectively, for the sites shown in Table 7.

Table 7 Positive and negative ideal solutions

Criteria  Type Benin-city Warri Yenagoa Port Harcourt Uyo Calabar
A+ A- A+ A- A+ A- A+ A- A+ A- A+ A-
1 - 0.0032  0.0544  0.0029 0.0529 0.0029 0.0565 0.0029 0.0557 0.0030 0.0527 0.0032 0.0625
2 - 0.0076  0.0553  0.0088  0.0529 0.0078 0.0543 0.0080 0.0547 0.0089 0.0536 0.0051 0.0507
3 - 0.0257 0.0502  0.0265 0.0466 0.0253 0.0475 0.0249 0.0481 0.0265 0.0476 0.0232  0.0455
4 - 0.0000 0.0521  0.0000 0.0502 0.0000 0.0512 0.0000 0.0515 0.0000 0.0507 0.0000 0.0489
5 0.0000 0.0761  0.0000 0.0734 0.0000 0.0749 0.0000  0.0752 0.0000 0.0741 0.0000 0.0691
6 - 0.0162 0.0487 0.0162 0.0487 0.0162 0.0487 0.0162 0.0487 0.0162 0.0487 0.0152  0.0455
7 - 0.0000 0.0246  0.0000 0.0237 0.0000 0.0241 0.0000 0.0246 0.0000 0.0246 0.0000 0.0243
8 + 0.0401 0.0199 0.0373  0.0212 0.0380 0.0202 0.0385 0.0199 0.0380 0.0212 0.0475 0.0110
9 + 0.0209  0.0000 0.0225 0.0000 0.0215 0.0000 0.0214 0.0000 0.0223 0.0000 0.0207  0.000
10 + 0.0110 0.0069 0.0110 0.0069 0.0110 0.0069 0.0110 0.0069 0.0110 0.0069 0.0391 0.0244
11 + 0.0225 0.0169 0.0225 0.0169 0.0225 0.0169 0.0225 0.0169 0.0225 0.0169 0.0211 0.0158
12 + 0.0302 0.0134 0.0302 0.0134 0.0302 0.0134 0.0302 0.0134 0.0302 0.0134 0.0282 0.0125
13 + 0.0364 0.0045 0.0360  0.0051 0.0364 0.0045 0.0364 0.0045 0.0360 0.0051 0.0342 0.0038
14 + 0.0373  0.0053  0.0373  0.0053 0.0374 0.0047 ~ 0.0372 0.0062 0.0366 0.0041 0.0336 0.0048
15 + 0.0241  0.0107  0.0241  0.0107 0.0241 0.0107 0.0241 0.0107 0.0241 0.0107 0.0225 0.0100

Equs. (29a) and (29b) are used to operate on Table 7 to get the relative distance of each solution from
the positive ideal solution and to the negative ideal solution, as shown in Table 8.

Table 8 Positive and negative ideal solutions

Location Alternatives
GES GBES PBES WBES GPBES GWBES PWBES GPWBES
Benin-city d+ 0.122093  0.092289  0.063642 0.059696  0.057569  0.054401 0.048099  0.045007
d- 0.064313  0.065589 0.11597  0.118452 0.093302  0.10665 0.12318  0.117238
Warri d+ 0.117448  0.089284  0.060902 0.064782 0.056218 0.055516 0.050191  0.043731
d- 0.06186 0.063436  0.112498 0.112407 0.088971 0.093344 0.117314  0.101823
Yenagoa d+ 0.120408  0.091413 0.06554  0.062244  0.058656  0.053445 0.048768  0.041992
d- 0.06547 0.06694 0.114259  0.115727 0.090187  0.10464 0.12112  0.112253
Port Harcourt d+ 0.120473 ~ 0.091103  0.065098 0.064708  0.058389  0.05244  0.048849  0.042172
d- 0.065151  0.066631  0.114234  0.11508  0.090268 0.106088 0.121258  0.112987
Uyo d+ 0.118668  0.090104 0.05914  0.060712 0.055379 0.056133  0.049527  0.043662
d- 0.062152  0.063764  0.113959  0.11417  0.091989  0.094553  0.119091  0.104718
Calabar d+ 0.113371  0.086935  0.074378  0.058505  0.059961 0.060559  0.05396  0.052247

d- 0.078023  0.073688  0.107291  0.112939  0.096118  0.099158 0.117349  0.106226

Equ.(30) is used to operate on Table 8 to obtain the relative closeness of each alternative to the ideal
solution, as shown in Table 9. The alternative (the hybrid system) with the highest relative closeness
to the ideal solution, which is 1, is the most appropriate for that location. It implies, therefore, that
locations around Benin-city, Yenagoa, and Port Harcourt should use diesel generator-PV-wind-
Battery energy system (GPWBES) whereas locations around Warri, Uyo and Calabar require PV-
Wind-Battery energy system (PWBES). The diesel generator energy system (GES) perform poorly in
all the locations, this can be attributed to it severe adverse effect on climate change and huge
operation and maintenance cost associated with GES. The PWBES is favoured by the uniformity in
wind speeds in Warri and Uyo, and the high wind speed in Calabar.

Table 9 Relative closeness of each alternative to the ideal solution

Location Alternatives

GES GBES PBES WBES GPBES GWBES PWBES GPWBES
Benin-city 0.345014 0.415439 0.64567 0.664908 0.618422 0.662213 0.719179 0.7226
Warri 0.344992 0.415377 0.648779 0.63439 0.612794 0.62706 0.70036 0.699555
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Yenagoa 0.35222 0.422726 0.635483 0.650258 0.605923 0.661925 0.712941 0.727759
Port Harcourt 0.350985 0.422424 0.636997 0.640088 0.607224 0.669208 0.712835 0.728202
Uyo 0.343721 0.414409 0.658344 0.65284 0.624213 0.627484 0.706276 0.70574
Calabar 0.407656 0.458764 0.590584 0.658751 0.61583 0.620834 0.685015 0.670311

Table 10 shows the design parameters for the optima hybrid energy systems, with their corresponding
useful electrical energy supplied to the facility. The hybrid energy systems in locations in Warri, Uyo
and Calabar have capacity shortages of 3.45%, 3.37% and 2.95% respectively, which could be
attributed to the variability associated with the availability of solar and wind resources.

Table 10 Pertinent design parameters

Location Hybrid Diesel generator PV Wind Battery Converter  Energy consumption
system kW kW kW kWh kW kWh/year
Benin-city GPWBES 1.40 0.250 2.00 5.00 0.900 2640
Warri PWBES - 1.030 2.00 9.00 3.100 2549
Yenagoa GPWBES 1.40 0.250 2.00 3.00 1.070 2640
Port Harcourt GPWBES 1.40 0.250 2.00 3.00 0.950 2640
Uyo PWBES - 1.120 2.00 8.00 1.240 2551
Calabar PWBES - 0.250 2.00 5.00 1.260 2562

Table 11 shows pertinent economic and environmental parameters of the mapped optima hybrid
energy systems for the SS zone. Calabar has the lowest cost of energy (COE) of 0.459 US$/kWh;
whereas the location in Warri has the highest COE of 0.562 US$/kWh. The optima hybrid energy
systems for the locations in Benin-city, Yenagoa and Port Harcourt have small negative effect on the
climate since they emit CO, during their operations; however, the CO, emission is very minimal as
they respectively represent only 8.47%, 15.02% and 14.09% of the business as usual (i.e. the GES), as
shown in Table A.1, A.3 and A.4. The Port Harcourt location requires the lowest initial capital cost of
8,421 US$ to install the hybrid energy system capable of supplying 7.23 kWh/day of electrical
energy; whereas the Warri location requires the highest initial capital of 12,194 US$ for the same
electrical energy capacity. The Warri location has the highest net present value follow by Uyo,
Yenagoa, Benin-city, Port Harcourt and Calabar in that order. The COE of PWBES in the SS zone
ranges between 0.459 — 0.562 US$/kWh; it compares well with the 0.609 US$/kWh presented in Al-
Sharafi et al. (2017) for a coastal location, Yanbu (24°08°N, 38°03°E), with solar irradiance of
5.90kWh/m*h and 3.7 m/s wind speed. The difference in the COE may be attributed to the
14kWh/day electrical energy load and the different interest rate used in Al-Sharafi et al. (2017). The
payback time ranges between 3.7 — 5.4 years, using the COE of the BAU (0.893 US$/kWh of GES);
with the SS zone average payback time being 4.2 years.

Table 11 Pertinent economic and environmental data

Location Hybrid Initial capital cost, O&M, COE, CO, emission, NPV, PBT
system US$ US$ US$/kWh kg/year US$ Year
Benin-city GPWBES 9,235 450.89 0.464 146 14621 3.9
Warri PWBES 12194 412.62 0.562 0 17123 5.4
Yenagoa GPWBES 8437 547.47 0.475 681 14977 3.6
Port Harcourt GPWBES 8421 517.39 0.463 638 14602 3.6
Uyo PWBES 11568 381.11 0.529 0 16121 5.1
Calabar PWBES 8504 244.15 0.459 0 10733 3.7

The life cycle cost, which includes capital cost, replacement cost, O&M cost, fuel cost and salvage
value, is shown in Figure 13. The wind turbine constitutes the highest cost and closely followed by
battery cost. The implication is that the cost of energy obtained could be significantly reduced by
favourable economic and cost data, namely the discount rate on capital investment, wind turbine cost,
PV panel cost and lifespan, and the battery lifespan and cost, which have strong impact on the
economic competitiveness of the hybrid energy systems, which has been demonstrated in Rezaei,
Mostafaeipour, and Qolipour (2018).
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Figure 13 Life cycle cost (capital cost, replacement, O&M, fuel and salvage)

4 Conclusion

Out of the 1.3 billion people living without the electrical energy in the world, Nigeria accounts for 93
million people (about 15.5% of the sub-Saharan Africa); and has the second world’s largest electricity
access deficit, which has manifested in the poor development progress of Nigerians. Significant
proportion of the South South geopolitical (SS) zone of Nigeria is domicile in rugged coastline
terrains, with just 8.5% rural electrification and 17.7% electricity availability; the lowest, only after
the South-East geopolitical zone (15.3% availability). Therefore, this paper presents the optimal
mapping of hybrid energy systems, which are based on wind and PV, with the consideration of energy
storage and backup diesel generator, for households in six locations in the SS zone of Nigeria: Benin-
city, Warri, Yenagoa, Port Harcourt, Uyo and Calabar. The optima hybrid energy systems are able to
meet 7.23 kWh/day of a household’s electrical energy. The hybrid energy system for each of the
locations was optimally chosen based on HOMER software computation and TOPSIS multi-criteria
decision-making algorithm that considers technical, economic, environmental, and sociocultural
criteria. Wind energy potential was conducted for the entire SS zone using the Weibull distribution
function; the wind speed ranges between 3.21—4.19 m/s at 10m anemological height. The wind speeds
and the wind characteristics were extrapolated for 30 m and 50 m hub heights. The solar resource
potential across the six locations is also presented — ranges between 4.21 — 4.71 kWh/m?/day. The best
hybrid system for the locations in Benin-city, Yenagoa and Port Harcourt is Diesel generator-PV-
Wind-Battery system; whereas the best hybrid system for the locations in Warri, Uyo and Calabar is
PV-Wind-Battery system. The hybrid systems in Benin-city, Yenagoa and Port Harcourt emit COy;
only 8.47%, 15.02% and 14.09% of the business as usual (the diesel generator). The payback time
ranges between 3.7 — 5.4 years, using the business as usual cost of energy of 0.893 US$/kWh;
whereas the cost of energy of the hybrid systems ranges between 0.459 — 0.562 US$/kWh, which
compares well with available literature in the public domain. The design parameters of the optima
hybrid energy systems are also presented.

The high cost of energy of the hybrid systems can be attributed to the unfavourable discount rate on
capital investment, wind turbine cost, PV panel cost, and the battery lifespan and cost, which have
strong impact on the economic competitiveness of hybrid energy systems as demonstrated in Rezaei,
Mostafaeipour, and Qolipour (2018). Some of these are within the powers of the Federal Government
of Nigeria such as making the financing of PV systems conducive for low-income households, but the
more technical challenges such as 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 South South geopolitical zone and elsewhere in Nigeria. The
methodology presented will serve as a veritable tool for the optimal design of hybrid renewable
energy systems under multi criteria conditions, especially in the global south where the quest for
energy interventions is sacrosanct.
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Table A.1 Decision matrix for Benin-city

Appendix A

Decision Matrices

S/N Criteria Type Alternatives
GES GBES  PBES WBES GPBES GWBES PWBES GPWBES
1 Initial capital cost, $ - 840 2221 14175 11064 6433 8010 9996 9235
2 Operation and maintenance cost, $ - 2287 1674  484.74 314.17  852.85 558.01 335.28 450.89
3 Cost of energy, $/kWh - 0.893 0.705 0.661 0.484 0.527 0.465 0.458 0.464
4 Cost of fuel, $ - 1722 1153 0 0 530 261 0 146
5 CO, emissions, kg/year - 4535 3037 0 0 1397 688 0 386
6 Environmental impact, - - 9 8 3 3 6 5 3 4
7 Unmet load, kWh/year - 0 0 110.37  77.33 0 0 82.21 0
8 Net present cost, $ + 28,165 22,222 19,966 14,817 16,621 14,676 14,001 14,621
9 Renewable fraction, % + 0 0 100 100 52 79 100 88
10 Sociocultural awareness, - + 8 6 8 5 8 5 5.5 5
11 Technology readiness, - + 8 7 8 6 8 6 6 6
12 Ease of installation, - + 9 6 6 5 6 4 5 4
13 Natural resources
Availability/predictability/randomness
(wind), - + 1 1 4 8 1 8 8 8
14 Natural resources
availability/predictability/randomness + 1 1 7 1 7 1 7 7
(sun), -
15 Life cycle assessment, - + 9 8 5 5 5 5 5 4
Table A.2 Decision matrix for Warri
o Alternatives
SN Criteria TYP¢ ~GES  GBES PBES__ WBES GPBES GWBES PWBES _GPWBES
1 Initial capital cost, $ - 840 2221 15106 14688 6077 7674 12194 7034
2 Operation and maintenance cost, $ - 2287 1674 51476 37935 915.49 782.52 412.62 749.35
3 Cost of energy, $/kWh - 0.893 0.705 0.703 0.629 0.54 0.54 0.562 0.507
4 Cost of fuel, $ - 1722 1153 0 0 577 453 0 433
5 CO, emissions, kg/year - 4535 3037 0 0 1518 1193 0 1141
6 Environmental impact, - - 9 8 3 3 6 5 3 4
7 Unmet load, kWh/year - 0 0 110.54  80.55 0 0 90.61 0
8 Net present cost, $ + 28165 22,222 21255 19220 17014 17022 17123 15986
9 Renewable fraction, % + 0 0 100 100 49 63 100 63
10 Sociocultural awareness, - + 8 6 8 5 8 5 5.5 5
11 Technology readiness, - + 8 7 8 6 8 6 6 6
12 Ease of installation, - + 9 6 6 5 6 4 5 4
Natural resources
13 Auvailability/predictability/randomness + 1 1 4 7 1 7 7 7
(wind), -
Natural resources
14 availability/predictability/randomness Vig 1 1 7 1 7 1 7 7
(sun), -
15 Life cycle assessment, - + 9 8 5 5 5 5 5 4
Table A.3 Decision matrix for Yenagoa
. Alternatives
SN Criteria TYP¢ —GES  GBES PBES _WBES GPBES _GWBES _PWBES _GPWBES
1 Initial capital cost, $ - 840 2221 16534 13788 6242 8032 11685 8437
2 Operation and maintenance cost, $ - 2287 1674 51041 32638 948.83 590.22 346.07 547.47
3 Cost of energy, $/kWh - 0.893 0.705 0.75 0.578 0.557 0.478 0.52 0.475
4 Cost of fuel, $ - 1722 1153 0 0 609 298 0 259
5 CO, emissions, kg/year - 4535 3037 0 0 1605 773 0 681
6 Environmental impact, - - 9 8 3 3 6 5 3 4
7 Unmet load, kWh/year - 0 0 113.58  77.52 0 0 92.01 0
8 Net present cost, $ + 28165 22,222 22631 17687 17577 15082 15819 14977
9 Renewable fraction, % + 0 0 100 100 46 76 100 79
10 Sociocultural awareness, - + 8 6 8 5 8 5 5.5 5
11 Technology readiness, - + 8 7 8 6 8 6 6 6
12 Ease of installation, - + 9 6 6 5 6 4 5 4
Natural resources
13 Availability/predictability/randomness + 1 1 4 8 1 8 8 8
(wind), -
Natural resources
14  availability/predictability/randomness + 1 1 8 1 8 1 8 8
(sun), -
15  Life cycle assessment, - + 9 8 5 5 5 5 5 4

Table A.4 Decision matrix for Port Harcourt
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Alternatives

SN Criteria Iy —GES  GBES PBES _WBES GPBES GWBES PWBES _GPWBES
1 Initial capital cost, $ - 840 2221 16019 13497 6440 8043 11518 8421
2 Operation and maintenance cost, $ - 2287 1674 512.08  311.7 924.28 556.09 3329 517.39
3 Cost of energy, $/kWh - 0.893 0.705 0.734 0.562 0.554 0.466 0.508 0.463
4 Cost of fuel, $ - 1722 1153 0 0 589 275 0 242
5 CO, emissions, kg/year - 4535 3037 0 0 1552 723 0 638
6 Environmental impact, - - 9 8 3 3 6 5 3 4
7 Unmet load, kWh/year - 0 0 114.45  75.68 0 0 88.66 0
8 Net present cost, $ + 28165 22,222 22136 17219 17481 14686 15495 14602
9 Renewable fraction, % + 0 0 100 100 47 78 100 80
10 Sociocultural awareness, - + 8 6 8 5 8 5 5.5 5
11 Technology readiness, - + 8 7 8 6 8 6 6 6
12 Ease of installation, - + 9 6 6 5 6 4 5 4

Natural resources
13 Availability/predictability/randomness + 1 1 4 8 1 8 8 8
(wind), -
Natural resources
14  availability/predictability/randomness + 1 1 6 1 6 1 6 6
(sun), -
15  Life cycle assessment, - + 9 8 5 5 5 5 5 4
Table A.5 Decision matrix for Uyo
S/N Criteria Type Altegfatives
GES GBES  PBES WBES GPBES GWBES PWBES GPWBES
1 Initial capital cost, $ - 840 2221 14015 14681 6429 7679 11568 7527
2 Operation and maintenance cost, $ - 2287 1674 49237 37922 848.54 765.08 381.11 680.93
3 Cost of energy, $/kWh - 0.893 0.705 0.66 0.627 0.525 0.533 0.529 0.497
4 Cost of fuel, $ - 1722 1153 0 0 525 446 0 383
5 CO, emissions, kg/year - 4535 3037 0 0 1383 1175 0 1009
6 Environmental impact, - - 9 8 3 3 6 5 3 4
7 Unmet load, kWh/year - 0 0 114.56  76.47 0 0 89.25 0
8 Net present cost, $ + 28165 22,222 19897 19211 16566 16819 16121 15662
9 Renewable fraction, % + 0 0 100 100 52 64 100 66
10 Sociocultural awareness, - + 8 6 8 5 8 5 5.5 5
11 Technology readiness, - + 8 7 8 6 8 6 6 6
12 Ease of installation, - + 9 6 6 5 6 4 5 4
Natural resources
13 Availability/predictability/randomness + 1 1 4 7 1 7 7 7
(wind), -
Natural resources
14  availability/predictability/randomness + 1 1 9 4 9 1 9 9
(sun), -
15 Life cycle assessment, - + 9 8 5 5 5 5 5 4
Table A.6 Decision matrix for Calabar
o Alternatives

SN Criteria T¥P¢ —GES  GBES _PBES _ WBES GPBES _GWBES _PWBES _GPWBES
1 Initial capital cost, $ - 840 2237 16308 10134 6679 4663 8504 5289
2 Operation and maintenance cost, $ - 2280 1679  508.99 22826  900.97 693.57 244.15 602.87
3 Cost of energy, $/kWh - 0.88 0.678 0.74 0.52 0.553 0.456 0.459 0.448
4 Cost of fuel, $ - 1722 1152 0 0 0 436 0 371
5 CO, emissions, kg/year - 4535 3034 0 0 1483 1147 0 971
6 Environmental impact, - - 9 8 3 3 6 5 3 4
7 Unmet load, kWh/year - 0 0 112.73  66.74 0 0 77.67 0
8 Net present cost, $ + 46441 35,821 22382 12218 17442 10995 10733 10793
9 Renewable fraction, % + 0 0 100 100 50 65 100 70

10 Sociocultural awareness, - + 8 6 8 5 8 5 5.5 5

11 Technology readiness, - + 8 7 8 6 8 6 6 6

12 Ease of installation, - + 9 6 6 5 6 4 5 4
Natural resources

13 Availability/predictability/randomness + 1 1 4 9 1 9 9 9
(wind), -
Natural resources

14  availability/predictability/randomness + 1 1 7 4 7 1 7 7
(sun), -

15 Life cycle assessment, - + 9 8 5 5 5 5 5 4
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The highlights are:

1. Wind energy potential in the South-South geopolitical region of Nigerias
il. Multi-criteria decision making algorithm in renewable energy selection.
1il. Optimal hybrid energy system for location under multi-criteria conditions.

v. Pertinent design parameters for the hybrid systems and cost distributions.



