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Abstract

The work focused on modelling and optimisation of integrated renewable energy conversion
technologies based on sunlight, wind, and biomass, with dual energy storage (battery and
hydrogen), for Patani Island, Delta State, Nigeria. The study was aimed at satisfying the energy
demand of the Patani Island community (5°13’43” N, 6°11°29” E). A mathematical model was
developed to describe the integrated system, and a genetic algorithm was employed to
optimize the allocation of energy demand, energy generation, and energy storage. Economic
models were also formulated to determine the techno-economic feasibility of the hybrid plant.
The mathematical model, optimisation scheme, and analysis were implemented in HOMER®
and MATLAB®, while the results were post-processed using MS Excel®. The optimal results
indicate that the peak rated power of PV, WT, and Biomass needed to meet the island’s energy
demand are 0.218 MW, 236 MW, and 0.100 MW, respectively. The energy demand by Patani
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Island is 43662 MWh/year while the total energy generated by the integrated renewable
energy system is 43623.845 MWh/year, the minimum storage capacity for both battery and
hydrogen was estimated to be 138.38 MWh, the levelized cost of energy (LCOE) was
calculated to be $0.321 per kWh (8482/kWh), and the loss of load probability (LLP) of the
proposed energy system was estimated at 0.11. The present study demonstrates that an
integrated renewable energy system can be a practical and applicable approach to electrifying
Patani Island.

Keywords
Integrated renewable energy; dual-energy storage; modelling and optimisation; genetic
algorithm; techno-economic modelling

1. Introduction

Solar, wind, and biomass power, among others, have become more popular as a result of the
rising need for environmentally friendly energy. Sustainable, environmentally friendly, and cost-
effective power production relies on renewable energy (RE). The use of renewable energy sources
(RES) to meet global energy demand has been increasing, while the use of fossil fuels for power
generation has been declining since 2019, according to a formal study by the International Energy
Agency (IEA). To further improve Renewable energy (RE) production performance, ongoing research
on RE technologies focuses on enhancing energy conversion efficiency [1].

Islands, due to their geographical isolation and limited access to centralized power grids, face
unique challenges in ensuring energy security and sustainability. One promising solution is to
integrate renewable energy conversion technologies with energy storage systems, which can
mitigate the intermittency of renewable energy and ensure a continuous power supply.

Nigeria, like many developing nations, lags behind in integrating renewable energy (RE) into its
energy mix. Although large-scale hydro contributes 22% to the country’s electricity generation, the
contribution of other renewable energy sources remains minimal, despite the nation’s abundant
renewable resources [2, 3].

Nigeria is highly vulnerable to climate change, experiencing frequent floods and other related
challenges. As a signatory to both the Kyoto Protocol and the Paris Climate Accord, Nigeria is
committed to addressing climate change. However, the country is grappling with significant
electricity shortages, which have led to an increased reliance on fossil fuels for power generation
and transportation. The question arises: How can Nigeria balance its international climate
commitments with the growing demand for energy? Renewable energy presents a viable solution
for Nigeria to achieve both climate change mitigation and energy security. It is important to note
that considerable efforts, including numerous policies and projects, have already been initiated in
this direction.

Several studies have highlighted the potential to use solar photovoltaics (PVs), wind turbines,
and other renewable energy sources (RES) for electricity generation in Nigeria [4]. These RESs are
environmentally friendly, producing no pollution or greenhouse gas emissions, and are abundantly
available. While many studies focus on the use of a single RES for power generation, others explore
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hybrid systems that combine two or more RESs, sometimes incorporating diesel generators as
backup for increased efficiency and reliability. Hybrid systems with diesel backup are especially
suitable for villages without access to the power grid. The use of hybrid systems is often favoured,
as relying on a single energy source can lead to system over-sizing, which in turn may raise capital
costs [5]. Additionally, weather conditions, such as fluctuations in wind speed and solar radiation,
can affect system performance. [6] present an optimal configuration of hybrid energy systems
together with wind and PV, with energy storage and a backup diesel generator, for households in
six locations in the South-South geopolitical zone of Nigeria.

A hybrid renewable energy system integrates multiple renewable energy sources to mitigate the
intermittency associated with each individual source, ensuring a reliable and continuous power
supply. Renewable energy sources (RES) exhibit fluctuating and unstable output due to their
reliance on natural conditions [7-10], necessitating additional technological solutions for effective
use. This section examines the drawbacks of RES and outlines methods developed to address these
challenges, with a focus on the variable power-generation patterns of photovoltaic (PV) panels and
wind turbines. Diemuodeke et al. [11] performed a multi-criteria assessment of hybrid renewable
energy systems for coastal communities in Nigeria. It also discusses energy storage solutions
designed to address these issues of intermittency. The advantages of energy storage systems for
both grid operations and end users are highlighted. Additionally, hybrid renewable energy systems
are reviewed, along with the benefits and performance improvements that result from combining
them with energy storage. The application of energy storage in electric vehicles and uninterruptible
power supplies (UPS) is also mentioned.

Solar PV technology has been widely adopted due to its simplicity, scalability, and low operating
costs. It works by converting sunlight into electricity through photovoltaic cells. On islands, solar PV
can be an excellent source of renewable energy, particularly in regions with high solar insolation.
However, its intermittent nature, affected by weather conditions and the day-night cycle, poses
challenges for grid integration, making energy storage systems crucial. Bhos & Nasikkar [12] carried
out Optimisation-based maximum power extraction from a solar photovoltaic system under non-
uniform irradiance. Pavankumar et al. [13] investigated multi-objective optimisation of
photovoltaic/wind/biomass/battery-based grid-integrated hybrid renewable energy system. Castro
et al. [14] introduce a PV system model that is useful for steady-state power-flow studies of practical
electrical networks. This multi-array PV system model features a comprehensive representation of
the three main stages taking part in solar energy conversion systems. Pendem & Mikkili [15]
modelled, simulated, and analyzed the effect of partial shading conditions (PSCs) on the electrical
performance of Series (S), Series-Parallel (S-P), and Honey-Comb (H-C) PV array configurations
under various shading patterns, including short and narrow, short and wide, long and narrow, long
and wide, and diagonal, using a MATLAB/Simulink simulation model.

Wind energy has seen significant growth due to technological advancements in turbines and their
efficiency. Wind energy systems, particularly in coastal areas or regions with high wind potential,
complement solar PV systems by generating electricity when solar power is low (e.g., at night or on
cloudy days). However, like solar power, wind energy is intermittent and location-dependent, which
makes optimization and proper integration essential for reliable operation. According to [16],
sustainable and secure energy sources are crucial for the long-term development of society. Wind
energy is a promising area in the power generation industry due to its renewable nature and global
availability [17, 18].
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Biomass energy, derived from organic materials such as wood, agricultural waste, or algae, can
provide a consistent and controllable energy source. Unlike solar and wind, biomass generation is
not intermittent and can provide baseload power, making it an ideal candidate for hybrid energy
systems. In island communities, biomass offers the added advantage of utilizing locally available
resources, thereby reducing dependence on imports [19, 20]. As the population is increasing rapidly,
we now observe a trend in which cities are using a growing share of renewable energy.

Battery storage technologies have been extensively used to store excess energy produced by
renewable sources for later use. Lithium-ion batteries, with their high energy density, fast response
times, and decreasing costs, are the most commonly used in hybrid systems. BESS can smooth out
the fluctuations in renewable generation, store excess energy during peak production, and
discharge it during periods of low generation or high demand. Zhu et al. [21] investigated the
technical, economic, and environmental effects of an erratic national grid on four distinct battery
technologies in hybrid wind, solar, and diesel energy systems. The study was conducted at Baze
University, Abuja, Nigeria, using the Hybrid Optimization Model for Electric Renewables software.
The battery types considered are vanadium redox flow battery (VRB), lead-acid battery, nickel-iron
battery, and lithium-ion battery (LIB). The VRB-based hybrid energy systems demonstrated superior
performances in meeting the electricity demands of the university at the lowest net present cost,
levelized cost of energy, and carbon dioxide emissions of $6,328,003.00, $0.0722/kWh, and 21,754
kg/year, respectively. This battery technology is characterized by storage depletion, throughput,
and losses of 796 kWh/year, 406,570 kWh/year, and 182,757 kWh/year, respectively. Dodo et al.
[22] introduce an innovative optimization strategy for hybrid renewable energy systems in
microgrids. The approach focuses on multi-objective optimization of a PV-wind-diesel-battery
hybrid system to reduce the levelized cost of energy (LCOE) and the loss-of-power-supply
probability (LPSP), while maximizing the utilization of renewable energy sources (RES). Han & Vinel
[23] assessed a similar approach to address the challenge of limited predictability in wind energy
generation. They propose a portfolio optimization model designed to create an efficient wind
energy portfolio for a specific harvesting region, with the objective of minimizing prediction errors.

Hydrogen storage has gained attention due to its potential to store large amounts of energy for
extended periods. In a hydrogen-based storage system, excess electricity is used to produce
hydrogen through electrolysis. The hydrogen can then be stored and converted back into electricity
using fuel cells or combustion engines when needed. Hydrogen storage is particularly beneficial in
regions with limited grid connectivity, such as islands, where long-term storage is essential. Shari et
al. [24] examined the role of green hydrogen inside five Electricity Distribution Companies (DisCos)
throughout three geographical zones in Nigeria: North West, North Central, and North East. A
bottom-up optimization approach using linear programming and the open energy modeling
framework (OEMOF) served as the modeling paradigm. The result indicated that a cohesive
distributed strategy will improve the use of green hydrogen in Nigeria, namely in the distribution of
energy among the Distribution Companies (DisCos). The research further disclosed the following
findings. (1) The levelized cost of electricity may decrease by about 8%, so reducing investment costs;
(2) access to electricity has improved relative to the base year; and (3) emissions in the power
industry have been reduced. Developed a hydrogen energy storage system (HESS)-based power-to-
gas (P2G) and gas-to-power systems using Simulink by collecting and organizing historical data and
typical model characteristics. They studied the energy transfer mechanisms and numerical modeling
methods of these systems in detail. The integrated HESS model comprises an alkaline electrolyzer
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(AE), a high-pressure hydrogen storage tank with a compressor (CM & H; tank), and a proton-
exchange membrane fuel cell (PEMFC) stack. Chamout et al. [25] highlighted the need for effective
storage technologies due to the intermittency of renewable energy sources. They pointed out that
hydrogen systems, including electrolysers, storage tanks, and fuel cells, could serve as alternatives
to batteries. However, the literature lacks information on the requirements of the hydrogen
purification unit. Their research measured the purification unit’s demand for a 4.5 kW PEM
electrolyser at 0.8 kW for 10 minutes. Additionally, they presented a simulation of integrating the
hydrogen system, including its purification unit, with lithium-ion batteries for energy storage, in
which the batteries also support the electrolyser.

The global shift toward renewable-based energy generation has driven the development and
application of various optimization models and software to assess the technical, environmental, and
economic viability of different hybrid configurations [3]. In Nigeria, several studies have been
conducted in different regions of the country using the Hybrid Optimization Model for Electric
Renewable (HOMER) software to analyze standalone systems. These studies primarily focused on
improving efficiency through hybrid renewable energy systems (RESs) while managing the
challenges posed by fluctuations in renewable energy sources. Nyeche & Diemuodeke [10]
introduced a clean, reliable, and affordable hybrid energy system that integrates solar and wind
power with a hydro-based energy storage solution. The proposed system includes a photovoltaic
array, wind turbine, and Pumped Hydro Energy Storage (PHES), with the goal of meeting the energy
demands of the coastal community of Patani (Lat. 5.23° N, Long. 6.17° E).

Table 1 shows an overview of the literature reviews. It provides detail on modeling and
optimization using various renewable energy sources and technique. Many studies focused on PV,
WT, DG with battery energy storage, while a few included Biomass and Hydrogen energy storage.
Nyeche & Diemuodeke [10] proposed a hybrid system that comprises PV, WT, and PHES for Patani
LGA, in the same location as the current research. The result shows that the LCOE obtained was 0.27
S/kW, and the LLP was estimated at 0.108, while the minimum storage capacity was 3.9 MWh. Also,
no research considered the integration of PV, WT, and BM with battery and hydrogen energy
storage at this proposed location. This proposed Hybrid RES therefore fills the gap by integrating
the entire components PV-Wind-Biomass system, combined with Battery and Hydrogen (PV-WT-
BM-BT & HD) to achieve a more flexible and reliable hybrid system that meets the energy demand
of the Patani Island community. The LCOE and LLP obtained were compared with those reported in
previous studies.
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Table 1 Overview of the literature review.

Author Resources Technique Conclusion
Compared to HOMER, GA based HRES is found to be the
Suresh et al. BG, BM, PV, WT . . . .
HOMER optimal solution supplying energy with 0% unmet load at

(2020) [26]

(fuel cell, battery)

the least cost of energy, which is at $0.163 per kWh.

Diemuodeke et al.
(2019) [6]

WT, PV, Battery, DG

HOMER and TOPSIS multi-criteria
decision-making algorithm

The optimization result of 7.23 kWh/day of the HES is able
to meet the energy demand of the household.

Qiu & Entchev
(2024) [27]

Solar, Wind, BG, Battery

HOMER

The integrated energy systems are evidenced to be an
effective option for electrification in remote communities.

Bakir et al.
(2020) [28]

Solar, Wind

STATCOM, MATLAB Simulink

Integration of renewable energy sources can reduce power
stability issues in large transmission systems and minimize
fluctuations.

Nyeche & Diemuodeke
(2020) [10]

Solar, Wind, pump hydro

HOMER, MATLAB

The proposed hybrid system model, connected to a mini-
grid, has the potential to meet energy demand and reduce
energy costs through efficiency improvements.

Li et al.
(2023) [29]

Solar, Wind, Geothermal

Hysteresis band

Utilizing a hysteresis band enhances reliability and
minimizes the cost of the system. NSGA-II software is used
for system modeling.

Luta et al.
(2017) [30]

Solar, Wind

System Modeling Language

The modeling approach focuses on capturing requirements
and structural relationships between the different entities.
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Patani Island is a coastline community located in Delta state Nigeria (5°13’43” N, 6°11'29” E). In
this area, fossil fuel generators are mostly used for power generation, which adversely affects the
cost and environmental impact. Therefore, an optimized renewable energy system is required,
particularly for the Patani community, which relies on diesel for power generation. The objective of
this study is to model and optimize integrated renewable energy conversion technologies for Patani
Island to provide an alternative to diesel-based electricity generation. The optimization of this
system can significantly minimize net present cost (NPC) and levelized cost of energy (LCOE),
thereby making power generation affordable and reliable.

Therefore, this paper presents the modelling and optimization of integrated renewable energy
conversion technologies that are based on sunlight, wind, and biomass with dual energy storage
(battery and hydrogen) for Patani Island.

2. Materials and Methods

The proposed system integrates renewable energy conversion technologies with dual energy
storage for anisland application. The system utilizes three primary renewable energy sources: solar,
wind, and biomass. It also features dual energy storage systems, including Battery and Hydrogen
storage, along with an inverter and a power control system. Evaluating the energy generation
potential of a hybrid PV-WT-BM-BT & HD for a sustainable and clean energy supply requires a
thorough understanding, which can be achieved through analytical modelling. These models will
assist in the techno-economic analysis and optimization of the proposed hybrid system [10, 26-28].

2.1 System Description

The components of the proposed hybrid plant are solar PV, wind turbine, biomass generator,
battery, Hydrogen tank, electrolyser, controller, and inverter, as indicated in Figure 1. Wind turbines
and biomass generators produce alternating current (AC) while solar PV produces direct current
(DC), which is converted to alternating current (AC) with the help of an inverter before being
transmitted to the power control system. This regulates the electrical communications among the
subsystems. The excess energy generated by the RE system is stored in the battery and the hydrogen
energy storage system. After charging the battery, the electrolyzer uses any excess energy from the
RES to produce Hydrogen (Hz). In this case, if the power output from the RES is lower than the
energy demand and the battery discharge is insufficient to cover the deficiency, the Biomass
generator compensates for the deficiency by using the stored H; in the tank unit, in accordance with
the specified criteria. When the combined output of batteries and H; is insufficient to meet the
required load, a BMG gasifier is necessary to meet Patani’s energy needs.
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Figure 1 Schematic diagram of the Proposed Hybrid system.
2.1.1 Dispatch Strategy

HOMER Pro uses dispatch strategies to simulate system operation and minimize the economic
cost of the system. This dispatch rule focused on meeting the energy demand, managing battery
State of charge (SOC), and using excess energy for hydrogen production. Renewable energy (PV and
WT) first generates electricity; the Syngass generator then supplies power in response to demand.
HOMER is used to simulate the performance of the integrated energy system and optimise its
configuration. It developed an algorithm for calculating hourly power balance performance for a
predefined integrated RE system, subject to multi-objective criteria and constraints. It uses the load
demand profile, energy resources, component specifications, and emission data as inputs to
simulate various feasible configurations.

2.2 Energy Resource Assessment

The data profile, including annual solar irradiance, wind speed, and ambient temperature, was
retrieved from both the National Aeronautics and Space Administration (NASA) website and the US
National Renewable Energy Laboratory (NREL) database, both embedded in the HOMERPro
Software®. The availability of solar irradiation and the average wind speed potential particulars of
the study location were taken from the latitude and longitudes of the study area, 5.23° North
latitude, 6.17° East longitude. The wind data were recorded for over a 10-year period and
extrapolated to 50 m above the Earth’s surface. HOMER Pro software was used to work out the
daily solar irradiation, average wind speed, and optimal sizing of the system. The sources were
selected in the hybrid system so that each can compensate for any production shortfall, especially
when one source may not be producing enough energy at a given time.
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2.3 Energy Demand Assessment

The selected location for the proposed system is Patani Island in Delta State, Nigeria. An hourly
energy demand investigation of a given facility is vital for determining the optimal size of a hybrid
system [31]. The determination of energy demand focused on the design of appropriate
guestionnaires, community visits, and brief interviews to assess the existing energy needs of the
Patani communities under investigation.

The energy demand profile in this conceptual design study is grouped into four: Residential,
Hospital, Schools, and Product waste. A total of 18500 households, 12 primary health centres, 26
public schools, and 6 waste management sites were estimated.

The facility load includes: fluorescent and incandescent lighting, portable stereo, CD player,
television, radio, ironing board, air conditioning, refrigerator, ceiling fan, table fan, and other
equipment.

The current energy demand estimate includes all electrical appliances in the groups mentioned
above.

The average hourly electric load specification of an appliance per household in a day, Ey
(Wh/household/day), is known using [6]

Pk
Ey="—2, j=1,234,..,24 1
where P (kW) is the power consumed by an appliance in a given hour; Ny is the number of
households, primary health centres and public schools; k represents individual appliance; i is the
current households, primary health centres, public schools and j is the hour of the day.

The average hourly energy demands per household per day, Ex (Wh/household/day), is given as

(6]
A
k

where A is the total number of appliances.
The average daily energy requirement, Eper (Wh/household/day), is given as [6]

24
Epgr = Z EJ 3)
j=1
Equations 1-3 are applicable to other groups’ i.e., primary health centres and public schools and
waste management site.
2.4 Modelling of System Components

Evaluating the energy production of the proposed hybrid PV-WT-BM-BT & HD plant requires
comprehension of the interrelated subsystems. The sub-systems are modelled analytically in the
following subsections. The models developed in this research were implemented in MATLAB to
assess their practicality.
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2.4.1 Solar PV Models

Solar photovoltaic technology is widely used to generate electricity from solar radiation. A
photovoltaic panel consists of solar cells interconnected in series and parallel configurations to
provide the necessary electricity. Each cell primarily functions as a p-n diode [26]. When sunlight
impinges on a solar cell, the incoming energy is converted directly into electricity.

Solar radiation on a horizontal surface (G) is given as [32]

G = Iycos(6,) + 1, 4)

where G = Solar radiation on a horizontal surface (W/m?), I, = Beam or Direct solar radiation normal
to the sun’s rays (W/m?), 8, = solar zenith angle (angle between the sun’s rays and the vertical), and
ls = Diffuse solar radiation on a horizontal surface (W/m?).

The operating temperature, T¢ (K) of a cell is given as [33].

Te = Tymp + (0.03 X G) (5)

where Tams (K) is the ambient temperature; G (W/m?) is the irradiance or solar radiation.
The power output of the PV is expressed as [34]

G
Ppy = Prgtea X <G > X [1 + KT(TC - Tref)] (6)

ref

The DC power produced by the PV module is given as [35]
Ppy = npy X Npy X Apy X G (7)

Also, the power output from the PV panel is given as [36]

G
Ppy(t) = Pratea X Ypy X (G f) X [1+ Kp(Te = Trey)] (8)
re
G
Ppy(t) = Pratea X Ypv X Npy X Niny X G 9)
ref

where Ppy (kW) is the power yield of PV cell; Prted (kW) is PV rated power at reference condition; G
(W/m?2) is the solar irradiance; Gr.f(W/m?) is solar irradiance at standard temperature condition (Gref
=1000 W/m?); Tre¢(°C) is cell temperature at reference conditions (Trr= 25°C); Kr (—) is the PV panel
temperature coefficient. Kr = (0.4-0.6)% [35]. Ypv (—) is the PV derating factor. In electronics,
derating is the action of a device operating at less than its rated maximum capability to prolong its
life.

The total number of modules that make up the PV panel can be estimated as:

Npy = Npy, X Npy, (10)
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where Npy_and NPVp are number of PV module in series and number of PV module in parallel,

respectively, which can be computed by the knowledge of the bus and module voltage and current
according to the methodology presented.
The annual energy output of the solar PV panel, Epy (kWh), is determined as

8760

Epy = z Ppy () (11)

2.4.2 Wind Turbine Models

The volume of air entering and leaving a turbine remains constant owing to the conservation of
mass in the air stream. Wind energy is transformed into mechanical power using an energy
converter known as a wind turbine. The mechanical power is then transformed into electrical power
via a generator. Modeling a wind energy conversion system requires knowledge of the mean wind
velocity, its dispersion, and the wind power distribution for the specific region under investigation
[24].

The average wind velocity at the study site is given in the equation below. The wind velocity
discrepancy with height above the ground exhibits a logarithmic relation, known as a power law,
givenin [6, 37].

v _ (ﬁ)“ (12)

Vo ho

where v (ms?) is the wind velocity at the hub altitude, h (m); vo (ms™) is the wind velocity at the
original altitude, ho (m); and a (=) is the surface coarseness coefficient or the wind shear power
law exponent, which is taken as 0.143.

The mean wind power density is given [6].

_Pwv) 1

Ppn A = Epvm3 (13)

where Pp, (MW/m?) wind power density; P(v) (MW) is the wind power; and A (m?) is the rotor blades
swept area, p (kg/m3) is the air density p = 1.225 (kg/m3), vm® (m/s) is the mean wind velocity.
The mean wind speed can be related to the hub height according to [38].

V() = ¢, T (1 + 1/ky) (14)

where ¢y (—) and k» m/s are the hub height dependent shape factor and scale factor, respectively.
The wind turbine power output is given as:

Pye(t) = Pp(t) X G, (15)

where C, (—) and is the mechanical efficiency of the wind turbine.
The total number of wind turbines required to satisfy the facility load can be estimated as

P,
N, = wt

(16)
Prated
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where Prateqd (kW) is the rated power of a selected wind turbine.
The annual energy output of the wind turbine, Ew: (kWh), is determined as

8760
Bue =) AgxPy(®) (7

t=1

where the turbine swept area As (m?) can be estimated as

T
Aws =7 D*WTB (18)

Mean energy density Ep, is expressed as:

1, 3
Epn = 5 pc r<1 +E>T (19)

The average power output Pe, ave (kW), Ewr (kWh), and capacity factor C; (—) of a WT are
calculated using:

0, vy (t) < v,
a.v,,3(t) —b.Pp, v.<1v,(t)<v
Pe e = m ( ) eRr c m( ) T (20)
’ PeR: Uy < Um(t) < Uf
kO; vm(t) > Uf
But ‘a’ and ‘b’ are known using:
q = Pep )
(vr3 - vcg) '
3
UC
hb=—°——; 21
(vr3 - vc3) ( )
EWT(t) = Pe,aveAt (22)
Pe ave
Cr=— (23)
! Pep

where p (kg/m3) is the air density (p = 1.225 kg/m?3); Awr (m?) is the turbine rotor swept area; vm(t)
(m/s) is wind velocity; nwr (—) is the wind turbine efficiency; v. (m/s) is the cut-in velocity; v. (m/s)
is the rated wind velocity; vf (m/s) is the furling speed, and At is the time interval (i.e., 24 x 365
hours).

2.4.3 Biomass System Models

The theoretical evaluation examines the maximum potential biomass resources for energy
generation, excluding quantities necessary for food or industrial applications, and accounts for the
specific region, cultivation area, and net biomass yield, which is determined by factors such as
climate conditions, soil characteristics, and biomass properties [39].

The yearly biomass energy obtainable from agricultural and forestry left overs is
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n

Er, = Z F; xLHV:j = (crop, forest) (24)

i

where Ey is the theoretical energy potential, LHV is the low heating value or mean energy content
(Ec) [KJ/kg], and F;is the residue potential or obtainable residue [ktonnes].

n
Forop = Z P X RPR (25)
i

where P is crop production [ktonnes], and RPR is the mean residue-to-product ratio.
The mass forest product volume (m?3) is expressed as above for the forest residue.

mF =pXxV (26)

where mF is the mass of the forest product, p is the density of the forest product, and V is the
volume of the forest product.
The forest residue can be obtained

Forest = MF X RPR (27)

where Frorest is the forest residue, and RPR is the residue-to-product ratio, which can be assumed to
be 0.72 [40].

2.4.4 Technical Assessment

The proportion of the theoretical energy potential that may be efficiently harnessed for energy
use is referred to as the technical assessment. The technical potential is contingent on the
theoretical annual residual potential. Consequently, an availability factor (AF) is deemed to
represent the quantity of residue that may be used for energy production annually. The AF range is
0-1 and varies according to location and crop residue, as shown by [40, 41]. The technological
potential has been calculated.

n
Eee = Z Erp X Ap = (crop, forest) (28)
i

where Eie is the technical potential, and Ar is an availability factor that ranges from 0 to 1.
Availability factors (AF) of 0.4, 0.5-0.75, and 0.8 were estimated for rice residue, wood residue,
and oil-palm residues, respectively [39]. According to [41] factor of 0.30 was applied to the other
crops, since all agro-crops exhibit a comparable availability factor (AF) range, as reported by [39,
42]. Furthermore, all forest residues in Nigeria were allocated an AF of 0.6, consistent with [39].

2.4.5 Battery Energy Storage Models

In Renewable energy systems, the incorporation of batteries increases system reliability [43]. The
batteries serve as an energy storage medium, store surplus renewable energy, and supply energy
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during capacity shortages. Then, the energy stored in the battery bank at a specified time can be
expressed according to [28, 44]

Epr(t) = Epr(t — 1) + Egg(t) X Nece X Nen (29)

where Egg(t) is the extra energy available from all the systems, ncce is the charging controller
efficiency, and ncu is the battery charging efficiency.
The quantity/state of charging the battery is expressed by the given Eq. (30):

SOC,m < SOC(t) < SOCpy0x (30)

where SOCnin is the value of minimum SOC; and SOCmax as the maximum value of SOC assumed as
1. Minimum value of SOC is obtained using the following Eq. (31),

SO0Cpin =1—-DOD (31)
where DOD is the depth of discharge.
2.4.6 Hydrogen Energy Storage Models

Electrolyser/Hydrogen: An electrolyser operates via electrolysis, wherein an electric current
traverses between two electrodes in water, resulting in the decomposition of water into hydrogen
and oxygen. After charging the battery, the electrolyzer uses any excess energy from the RES to
produce Hydrogen (Hz).

The power transferred from the electrolyser to the hydrogen storage tank has been estimated
by [45].

Pgr = Pgr X g (32)

where, neis the electrolyser efficiency assumed as constant.
The output energy stored by the hydrogen tank is expressed by;

Epor(t) = Eppr(t—1) + lPET(t) - <PT;G(LL)) X Atl (33)

storage

where, Pr.s6 is the output power of a syngas generator, nstworage is the efficiency of hydrogen storage,
approximately 95% for all operating conditions [23].
The mass of hydrogen storage is calculated using

Er(t)

Mr(t) = HHV
H2

(34)

where, HHV}; is the hydrogen storage higher-heating value considered as 38.9 kWh/kg [46].
2.4.7 Power Models of the Hybrid System

To ensure that the proposed hybrid plant functions accurately and efficiently to meet the energy
demand, it is designed and controlled to maintain a balanced energy flow. The plant operates such
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that at any given time (t), the power generated (PWs) from the combined renewable energy sources
(RES) and the power from the Hybrid Energy Storage (HES) (PWsrsaHp) must satisfy the power
demand (PW5) [10].

Mathematically,

PW;(t) = PWpy(t) + PWyyr(t) + PWpgpy(t) (35)
PWp(t) = PW;(t) £ PWprenp(t) (36)

where PWhpy(t), PWwr(t) + PWaum(t) and PWsreno(t) (MW) are the power generated by the
photovoltaic system, wind turbine, biomass, battery and hydrogen, respectively.
Note:
1. If PWp(t) > PW(t), the supplementary power from the battery and hydrogen, PWsrenp(t) > 0
(or PWgrgHp(t) is +ve), compensates for the shortfall in the power produced from the RES.
2. If PWp(t) = PWs(t), PWarenp(t) = 0; that is, the power produced from RES is enough for the
power demanded.
3. If PWp(t) < PWg(t), the power from the HESS PWsrerpn(t) < 0; (or PWsranp(t) is —ve), i.e. the
surplus power generated is stored or enthralled by the HESS.

2.5 Optimisation Model of the Hybrid Plant

A genetic algorithm is used to develop the optimization model. The optimization of the hybrid
PV-WT-BM-BT & HD system is modelled by minimizing the disparity between produced and needed
energy to precisely design the hybrid plant configuration [10].

Excess energy generated by the RE system is given as:

Eexcess = Max[(ERE - ED); 0], if Erg > Ep (37)

where Ep (kWh) is energy demanded (load facility).
Energy shortage from RES is given as:

Eshortage = Max[(ED - ERE); 0], if Erg < Ep (38)
The difference between the excess energy generated and the energy shortage from the RES for

one year is given as:

365

Ediff = Z(Eexcess,i - shortage,i) (39)

=1

Storage capacity for BT & HD to be minimised daily.
The loss-of-load probability indicates the plant’s availability. It is given as:

LLP = 213=6§ Eshortage)
DEHGD)
i=1 d

(40)

The LLP ranges from O to 1.
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2.5.1 Bound Constraint

The constraints of upper and lower bounds of solar, wind, and battery systems are expressed as
[26]

0 < Nyrp < N™WT (41)
0 < Npy < N™pY (42)
0 < Ny < N™*BMG (43)
0 < Npp < N™®BT (44)
0 < Ng,p < N™*ELE (45)
0 < Nyr < N™@*HT (46)

where N™™WT is the maximum number of wind turbines, N"*PV is the maximum number of PV
modules and N"®BT is the maximum number of batteries. N"*BMG is the maximum number of the
BMG, and N™™*HT is the maximum number of Hydrogen tanks.

2.5.2 Battery Storage Constraint

The capacity of a battery bank at any hour “t” lies between the minimum and maximum capacity.
Then the constraint is expressed as [46]

Eprmin < Epr(t) < Eprmax (47)
2.6 System Optimisation with Genetic Algorithm (GA)

The optimization model is executed using MATLAB’s Genetic Algorithm (GA) tool, which is
particularly effective for multi-model and multi-objective optimization challenges, such as power
and economic considerations [47]. The Genetic Algorithm (GA) technique, grounded on the theories
of genetics and natural selection, has six fundamental stages as shown in Figure 2A [10]. The GA
technique starts with the creation of a population (representations of solution vectors) capable of
reproduction; the offspring from this population undergo the principle of survival of the fittest. The
surviving children are generated via crossover and occasional random mutations, followed by the
stopping criteria, encoding, and the fitness function.
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Selection of healthy offspring for the subsequent generation. This procedure is repeated until
the optimality requirement is satisfied; interested readers can refer to [10] for more information.
Figure 2B illustrates the overarching algorithm (flowchart) of the optimization technique, which
integrates the GA methodology.

The decision variables in the optimisation process are: Number of PV panels Npy; Diameter of
wind turbine blade Dwrs; Number of wind turbines Nwr; Biomass generation size (BM) and Battery
and hydrogen storage capacity Casramp.

2.7 Economic Assessment

The total life cycle costs (LCC) are the addition of all recurring and one-time (non-recurring) costs
over the full span or a stated period of goods, services, structures, or systems. The costs of stand-
alone hybrid PV-WT-BM-BT & HD system include: construction cost, which includes the installation
cost of the individual energy converter, replacement cost, and operation & maintenance cost (O&M).
Replacement cost is measured as depreciation cost, which is 10% of the construction cost [10].

The total life cycle costs (LCCy) for the hybrid PV-WT-BM-BT & HD system is estimated as [48]:

LCCT =

]

5
LCC;  j=1{1,2,3,4,5} = {PV,WT,BM, BT & HD} (48)

1

3
LCC; = Z C,; q={1,23}={CC,0&M,RC} (49)
q=1

where LCG; (S) is the life cycle cost of different parts; C, (S) is the present value of different cost
components; and the indices PV, WT, BM, BT, HD, INV, PS, CC, O&M and RC refer to PV panel, Wind
Turbine farm, Biomass, Battery, Hydrogen, Inverter, Power Station, Construction Cost, Operation &
Maintenance and Replacement Cost respectively.

Annual interest rate converts one-time costs into annualised costs [10]

J-f
= 50
=T+ f (50)
where j’is nominal interest rate, and f is inflation rate.
The total replacement cost (RC) of main component is given as
N
RC = Z |Crep, X frep; % SFF; — S x SFF] (51)

J
where f,.op,, is a factor due to components’ lifetime and project’s lifetime; SFF is the reducing fund
factors; S is the selvage value.

CRF

frev; = 7o (52)
rep; CRF,
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i

SFF = ———— 53

1+ N1 (53)
S =Co. X Lrem. (54)
g e Lcomp

where Lrem is the residual life of components; Lecomp is total life of components and Crep is the RC
factor.
The ALCC of hybrid is given as

ALCC = LCC X CRF (55)
i1+ N
CRF = v =1 (56)

where CRF is Capital recovery factor; N is lifetime of project.
The unit electrical cost, UEC (S/kWh) is given as:

o ALCC
~ 366E,

(57)

The LCOE for a system having energy generated constant over time is expressed as

LCC,
LCOE =

x UCRF (58)
RE

d(1+ )V
UCRF = ————— 59
1+adN-1 (59)
where Ege (kWh) is the energy generated by RES; UCRF (—) is the unchanging capital recovery factor;
N = 25 years.

2.8 Analysis of the Proposed Hybrid Plant

The suggested hybrid PV-WT-BM energy system, including BT & HD energy storage, was
constructed and analyzed using the created models in Microsoft Excel, MATLAB, and HOMER
software. Microsoft Excel was used to assess the energy consumption in Patani. A template was
created, and the cells were programmed to perform the necessary function. In the template, the
following input variable data are required: load description, quantity in use, power rating and
number of hours in use. With all these specified, the template estimates total energy consumed in
kWh/day, which shows the estimation of energy demand in Patani.

An energy evaluation and optimization of the hybrid PV-WT-BM energy system, including BT &
HD energy storage facilities, was performed using MATLAB. Consequently, a MATLAB-based
software tool was developed to perform this task. The application does energy analysis and
optimizes the system when provided with the following input data: solar radiation, wind speed,
energy demand, wind turbine specifications, photovoltaic module specifications, battery
specifications, and hydrogen specifications. The MATLAB optimization tool was used to optimize the
storage system’s size to minimize the disparity between energy demand and energy produced by
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the hybrid plant. Additionally, this is executed by delineating the goal function, the genetic
algorithm methodology, and the constraints of the decision variables.

Economic assessment was executed utilising HOMER software. Additional energy storage plants
with BT & HD were included in the HOMER model of the hybrid PV-WT-BM system. Data on solar
radiation, wind speeds, energy demand, wind turbine specifications, PV module specifications, BT
& HD requirements, and economic parameters were entered into the economic analysis.

3. Results and Discussion

The main objective of the study is to model and optimize the size and the economic cost of the
integrated renewable energy system for satisfying the energy demand of the Patani community,
Delta State, Nigeria. The proposed system configuration is simulated with the help of Homer and
the Genetic algorithm (GA).

An hourly duration was adopted for the operational simulation to capture the variability of the
renewable energy resources and load demand accurately. This operational performance is
simulated for one year, considering the weather and load data (solar irradiance, wind speed, and
temperature) to account for seasonal fluctuation. The project lifespan is 25 years, while the
economic specification is at 9% inflation rate, 9.5% interest rate, and 10% import tariff. The results
obtained based on the modelled systems are displayed and discussed here, from evaluating the
power generated from the RES, ESS, the hybrid plant, energy demand assessments, economic
assessments, optimal sizing, simulations and finally sensitivity of hybrid PV-Wind-Biomass, Battery
and Hydrogen Plant was also conducted.

3.1 Input Data
3.1.1 System Specifications

Table 2 shows the input data (specifications) for wind turbine design, PV module design, Biomass
design, Battery and Hydrogen respectively.
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Table 2 Input data for RETs components.

Parameter Unit Value
Wind turbine input data [10] HOMER pro software

Hub height m 82
Rated wind speed m/s 13
Cut-in speed m/s 3.5
Furling speed m/s 32
Total capacity MW 1.65
Count (No of turbines) 11
Rotor diameter m 80
PV module data for Peimar SG310MBF Module (flat plate) [10]

Rated Capacity kw 1
Panel temperature Coefficient % 0.5
Derating factor - 0.85
Inverter efficiency - 0.95
Module efficiency - 0.18
Power conditioning efficiency - 0.95
Biomass System input data [49]; Homer Pro Microgrid Analysis Tool [B]
Biomass gasifier calorific value kcal/kg 4015
Rated power MW 10
System conversion efficiency - 0.7
Operating hours Hrs/day 8
Battery storage system (Lithium ion) input data [49]

Depth of Discharge - 0.8
Charging controller efficiency - 0.95
Battery charging efficiency - 0.95
Single battery capacity kWh 2600
Hydrogen tank storage input data [49]

Electrolyser efficiency - 0.6
Hydrogen storage efficiency - 0.95
Higher heating value of hydrogen kWh/kg 38.9

3.1.2 Resource Assessment Data

The annual average meteorological data, including solar irradiance, wind speed and ambient
temperature are presented in Table 3, which are in agreement with data presented in [6]. The solar
irradiance is highest in the months of January and March due to less rainfall occurring during these
months. The highest wind speeds are observed between July and August, likely due to the intense
rainy season. The solar resource evaluation was conducted using solar data.” Also, Ambient
temperature was highest between March and May.
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Table 3 Meteorological data.

Month Irradiation (kWh/m?/day) Wind speed (m/s) Temperature (°C)
January 4,998 4.425 25.210
February 4.907 4.770 26.410
March 5.023 4.395 26.850
April 4.813 3.870 26.740
May 4.460 3.570 26.380
June 4.236 4.425 25.460
July 3.483 5.100 24.650
August 3.868 5.280 24.580
September  4.274 4.710 24.900
October 4.561 3.855 25.440
November 4.952 3.615 26.020
December 4.899 3.960 25.430

Table 3 shows that the highest annual daily solar irradiation available within the Patani
community is 5.023 kWh/m?/day, which occurs in the month of March while the lowest 3.483
kWh/m?/day was found in the month of July.

The highest annual daily wind speed available within the Patani community is 5.280 m/s, which
occurs in the month of August while the lowest 3.615 m/s was found in the month of November.
The highest ambient temperature is 26.850°C and the lowest is 24.460°C in the months of March

and June, respectively.

3.1.3 Energy Demand Assessments

The hourly energy demand profile is obtained using Egns. 1-3 with the consideration of the
appliances and the power rating as shown in Table 4. The selected location for the proposed system
is Patani Island, Delta State, Nigeria. The sample community has an average daily energy demand of
121 MWh/day, which is approximately (43623 MWh/year).

Table 4 Power rating of appliances.

Appliances

Power Rating (kW)

Fluorescent Light
Incandescent Light
Portable Stereo
CD Player
Television

Radio

Pressing Iron
Refrigerator
Ceiling Fan

Table Fan

Air Conditioner

0.023
0.100
0.020
0.035
0.150
0.010
1.000
0.600
0.040
0.020
1.000

Source: Ref. [10].
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Figure 3 illustrates the hourly energy demand profile in Patani. Table 4 shows the Power rating
of appliances. Between 1 and 5 AM, energy consumption was minimal and consistent due to
individuals being asleep. Between 6 and 8 AM, energy consumption surged as individuals awakened
and prepared for their daily tasks. Energy demand reaches its minimum around 10 AM due to
individuals being at their respective workplaces. Approximately 65% of the population of Patani is
employed outside the region. Between 12 PM and 6 PM, energy consumption increased consistently
as individuals occupied their desks and more appliances were activated. Energy demand peaks
around 20:00 hours when individuals return from work, resulting in 95% of appliances in residential
households, healthcare facilities, and educational institutions being operational. Subsequently,
energy consumption begins to decline as individuals retire for the night.
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Figure 3 Hourly Energy Demand Profile in Patani.
3.1.4 Economic Specifications and Analysis

Table 5 displays the economic specifications of the system components, including the
construction cost of various subsystems (capital cost), the operation and maintenance costs (0&MC)
of each subsystem, and the replacement cost (RC) of each subsystem, as shown in Table 5. The
project’s duration is 25 years. The economic specification indicates a 9% inflation rate and a 9.5%
interest rate [6]. A 10% import duty was imposed on the building cost of components not
manufactured in Nigeria.
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Table 5 Technical and economic specifications.

Specifications

Description . . . Battery Hydrogen tank Power station

(S/kW) PV module Wind turbine Biomass Inverter $/kWh  $/kWh g Fuel cell Electrolyser
Construction 3518.60 4197.42 2727 301.25 139 13 602.50 216 1500
Operation/Maintenance 70.37 209.87 54.54 100.42 2.78 0.26 12.05 4.32 30
Replacement costs 3518.60 4197.42 2727 301.25 139 13 602.50 216 1500
Lifetime (years) 25 20 25 15 5 20 25 10 10
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3.2 Output Data
3.2.1 Optimisation Result of the Hybrid Plant

Table 6 shows the optimal results of the hybrid plant. The results show that to satisfy the energy
needs of Patani, 0.218 MW peak rated power of PV, 236 MW rated power of wind turbine, and
0.100 MW rated power of Biomass systems are required. The number of PV modules needed is
15619; the number of wind turbines needed is 11, while the biomass solid waste is 4794240 kg.
Furthermore, the minimised storage capacity of the Battery and Hydrogen is 69.19 MWh each.

Table 6 Optimal result of the hybrid plant.

Parameter Symbol Unit Value

PV rated power Prated MW, 0.218
WT rated power Prated MW 236.0
BM rated power BMrated MW 0.100
Number of PV Npy - 15619
Number of WT Nwr - 11
Diameter of WT Dwrs m 54.88
Number of Batteries Nsr m 17.27
Hydrogen tank capacity Chr kg 1778.78
Minimum Battery Storage Capacity  Cgt MWh 69.19
Minimised hydrogen tank storage Chp MWh 69.19
Annual energy generated by WT Ewr MWh 5264.02
Annual energy generated by PV Epv MWh 22691.52
Annual energy generated by BM Esm MWh 15667.69
Total energy generated by RES Eres MWh 43623.23
Loss of Load Probability LLP - 0.11
Levelized cost of energy LCOE S/kWh 0.321

Figure 4 shows the various energy contributions in the hybrid system, with excess energy
generation and energy shortage. The LLP is 0.11 (LLP < 1), which agrees with [10]. This implies that
approximately 89% of Patani’s energy demand can be met, with an 11% chance that the system will
not meet demand. Also, the energy shortage in the hybrid plant is minimal. Therefore, the hybrid
PV-Wind-and biomass energy system with battery and a hydrogen energy storage plant can satisfy
the energy needs in Patani.
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Figure 4 Energy contribution.
3.2.2 Energy Analysis of the Hybrid Plant

Table 7 presents the monthly energy generated by the hybrid renewable energy conversion
system. The total energy generated is the combination of the energy generated by the PV-Wind and
Biomass Renewable energy systems. The excess energy generated is stored in the Battery and the
hydrogen energy storage system. The proposed community (Patani Island) has an average daily
energy demand of 121 MW/day, approximately 43623.23 MWh/year, while the total energy
generated by integrated renewable energy is 43662.84 MWh/year. Energy generated by the wind
turbine is 5264.02 MWh/year, energy generated by the PV module is 22691.523 MWh/year, and
energy produced by Biomass is 15667.688 MWh/year, which account for 22%, 52%, and 36%,
respectively. From the above results, the PV module RES is the primary energy source in the entire
energy system. Furthermore, the energy difference between excess and demand is 39.619
MWh/year. Thus, the hybrid PV-WT-BM-BT & HD plant can satisfy the energy needs of Patani.
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Table 7 Monthly energy generated by the hybrid plant.

Energy Generated Energy Generated Energy Generated Total Energy State of Mass of
Month Demand (MWHh)

by PV (MWAh) by WT (MWh) by BM (MWh) Generated (MWh) Charge (SOC) Hydrogen (kg)
January 2123.48 457.52 1330.68 3911.69 3708.35 1 1778.8
February 1892.97 540.60 1201.90 3635.48 3349.47 1 1778.8
March 2151.38 446.24 1330.68 3928.31 3708.35 1 1778.8
April 1991.37 263.93 1287.75 3543.06 3588.72 0.65 1161.0
May 1899.47 1924.58 1330.68 3422.61 3708.35 0.2 0.0
June 1735.75 442.76 1287.75 3466.27 3588.72 0.2 0.0
July 1462.22 753.91 1330.68 3546.82 3708.35 0.2 0.0
August 1627.12 847.62 1330.68 3805.43 3708.35 0.83 748.8
September 1746.96 554.00 1287.75 3588.72 3588.72 0.83 748.8
October 1934.85 268.41 1330.68 3533.94 3708.35 0.2 0
November 2043.49 197.11 1287.75 3528.36 3588.72 0.2 0
December 2082.39 299.39 1330.68 3712.47 3708.35 0.23 31.8

43662.84 43623.23
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3.2.3 Economics Data of the Hybrid Plant

Table 8 presents the economic data of the hybrid plant. The levelized Cost of Energy (LCOE) was
obtained as 0.321 $/kWh, which is within the range of LCOE reported for renewable energy
technology by IRENA [50] and is well below 0.95 S/kWh for a diesel-powered electricity generator
[10]. However, the obtained LCOE is well above the national grid electricity cost, averaging 0.19
S/kWh, without accounting for grid extension costs and an end-to-end grid electricity cost analysis.
The implication is that the combined effect of government action and an appropriate finance
mechanism will guarantee the general acceptance of the proposed system.

Table 8 Economics data of the hybrid plant.

Description Symbol Unit(million) Value ($)
Life cycle cost of a photovoltaic module (LCCpy) S 108.05
Life cycle cost of a wind turbine (LCCwt) S 200488.54
Life Cycle Cost of Biomass (LCCsm) S 28767.41
Life cycle cost of Battery storage (LCCer) S 237526.98
Life cycle cost of Hydrogen storage (LCCwp) S 2247.72
Life cycle cost of a fuel cell (LCCrc) S 59756.96
Life cycle cost of electrolyser (LCCe) S 414978.90
Life cycle cost of the inverter (LCCn) S 47604.49
Life cycle cost of control Station (LCCcr) S 1.18

Total life cycle cost (LCCT) S 1099424.94
Annualise the life cycle cost (ALCCp) (S/year) 46647.47

According to IRENA [50], the LCOE for RES ranges from (0.1-0.460 S/kWh). The LCOE for stand-
alone PV, WT, and biomass, as reported by IRENA, are $0.460/kWh, $0.203/kWh, and $0.084/kWh,
respectively. The LCOE obtained in this dissertation ($0.321/kWh) is within the range of LCOE for
RES reported by IRENA. In light of this, the combination of PV, WT, and Biomass plant is responsible
for the low LCOE obtained in this dissertation.

3.2.4 Comparison with Other Studies

From Table 9, the LCOE for the present investigation is $0.321/kWh while the LCOE for previous
studies, Nyeche & Dieduodeke [10], Bade &Tomomewo [51] and Modu et al. [52] are 0.27, 0.48 and
1.076 respectively. The results were compared, and the present study was found to be more cost-
effective than previous investigations.

Table 9 LCOE and LLP Comparison with other studies.

Reference System LCOE ($/kWh) LLP (%)
Nyeche & Diemuodeke [10] PV, WT, PHES 0.27 0.108
Bade & Tomomewo [51] PV, WT, BM, Battery, and Hydrogen 0.48 0.8
Modu et al. [52] PV, WT, BM, Battery, and Hydrogen 1.076 0.08
Present study PV, WT, BM, Battery, and Hydrogen 0.321 0.11
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Secondly, the loss of load probability for the present study was determined to be 0.11, whereas
the loss of load probability obtained by Nyeche & Diemuodeke [10], Bade & Tomomewo [51], and
Modu et al. [52] are 0.108, 0.08, and 0.08, respectively. In light of this, the current investigation is
reliable and capable of meeting Patani’s energy requirements.

3.2.5 Parametric Analysis

The hybrid plant was analysed with respect to key parameters influencing its operating
conditions and economic outlook.

A simulation of the energy equilibrium of the hybrid plant and energy demand in Patani is
depicted in Figure 5. It was observed that the RE system generated excess energy from January to
March and from August to September, estimated at 138 MW, which is stored in the Battery and
Hydrogen Energy storage systems. This stored energy is released to complement the energy deficit
when the RE system cannot meet the energy needs. With the optimised storage capacity of the
Battery and Hydrogen Energy storage system, the energy discrepancy between excess energy
generated and energy shortages in the hybrid plant, thereby satisfying the energy needs in Patani,
is minimised.
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Figure 5 Monthly energy balance of the hybrid plant in Patani.

The effect of the diameter of the turbine blade on the energy generated by the WT is illustrated
in Figure 6. A turbine blade of 60 m produces 12000 MW of energy, while an 80 m turbine blade
generates 18000 MW of energy. It shows that an increase in turbine blade diameter results in an
increase in swept volume, thereby increasing the energy generated by the wind turbine.
Consequently, this results in an increase in the hybrid plant’s energy output, as it adds energy from
renewable resources.
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Figure 6 Effect of diameter of the turbine blade on the energy generated by WT.

Figure 7 shows the variation of LCOE in relation to interest rates. Interest rate plays a crucial role
in determining the cost-effectiveness of the energy produced. An uptick in interest rates raises the
per-unit expense of energy production. This insight necessitates appropriate funding strategies and
governmental involvement in the advancement of mini-grids for coastal communities. It was noted
that the rate of price increase affects certain aspects of economic value, such as the LCOE.
Consequently, a rise in the inflation rate led to a persistent increase in the LCOE [10].
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Figure 7 Effect of interest rate on levelised cost of energy (LCOE).

The total energy generated by the renewable energy system is 43662.845 MWh/year. Energy
generated by the combined PV, WT, and Biomass system is 22691.52 MWh/year, 5264.02
MWh/year, and 15667.68 MWh/year, which account for 52%, 22%, and 36%, respectively. From the
above results, the PV module RES is the primary energy source in the entire energy system. Also,
the entire energy demand by Patani Island is 43623.226 MWh/year. Energy shortage in both Battery
and Hydrogen is 138.389 MWh/year. Furthermore, the energy difference between excess and
demand is 39.619 MWh/year. Thus, the hybrid PV-WT-BM-BT & HD plant can satisfy the energy
needs of Patani.

3.2.6 Sensitivity Analysis

Sensitivity Analysis helps to determine how changes in input parameters affect system
performance.

Figure 8 illustrates the state-of-charge fluctuation curve of lithium battery energy storage
systems. The system on a chip of the energy storage solution for batteries is closely connected to
the variations in renewable energy source output. As the power produced by renewable sources
increases, the state of charge of battery energy storage systems rises rapidly; conversely, when
power output declines, the state of charge decreases correspondingly. This conduct demonstrates
the remarkable effectiveness and rapid response time of BESS, rendering them appropriate for uses
that demand swift charging and discharging cycles [47]. The batteries exhibited swift variations in
state of charge due to alterations in power output, spanning from 22.78 to 81.40%. This conduct
demonstrates their remarkable effectiveness and quick reaction times, rendering them ideal for
dynamic applications that necessitate regular charging and discharging cycles. These traits make
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lithium-ion batteries perfect for scenarios requiring swift modifications to energy provision and
consumption.
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Figure 8 SOC variation curve of lithium BESS.

The starting (SOC) state of charge of the battery energy storage system is established at 50%;
when it exceeds 50%, it indicates that there is excess energy provided to the system, which is
subsequently utilized to replenish the energy storage system while facilitating hydrogen generation.
When the state of charge is under 50%, the energy provision in the system is considered inadequate,
and the battery energy storage system’s power must be utilized to meet the energy and hydrogen
requirements.

The electrolyzer utilizes surplus energy from the renewable energy sources for the process of
water electrolysis. From Figure 9, as the hydrogen quantity (mass) increases, the compressor’s
energy consumption also increases. The tension within the hydrogen storage vessel also increases,
consistent with the operation of the real physical system, thereby confirming the accuracy of the
proposed model.
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Figure 9 Mass of Hydrogen variation curve of HESS.

4. Conclusions

The paper presents modelling and optimisation of integrated renewable energy conversion
technologies for an island in Delta State, Nigeria. The system incorporates battery bank and
hydrogen tank energy-storage technologies to ensure a reliable electricity supply that meets the
community’s energy demand. The model and optimisation scheme were implemented in HOMER,
MATLAB, and Microsoft Excel. The following are the highlights of the work.

Vi.

Vii.

Modelling and optimisation of hybrid RES offers significant potential for enhancing the energy
security of islands.

Battery and Hydrogen energy Storage system compensates the intermittent nature of RES.
The modelled hybrid PV-WT-BM-BT & HD system looks promising since the LLP is 0.11 (LLP <
1). This implies that about 89% of the energy demand in Patani can be met by the hybrid PV-
Wind- Biomass- Battery and Hydrogen plant.

An optimised hybrid system can meet the energy demand of the community used for the case
study.

The Techno-economic analysis of the hybrid plant conducted shows that the Levelised cost of
energy (LCOE) is 0.321 $/kWh in the Nigerian environment.

The current study is cost-effective and reliable when compared with Nyeche & Dieduodeke
[10], Bade & Tomomewo [51], and Modu et al. [52].

The proposed system addresses some of the Sustainable Development Goals, namely SDGs 4,
7, and 13.
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