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Abstract

This paper presents an optimized design for a photovoltaic-wind turbine-fuel cell (PV-WT-FC) hybrid renewable
energy system (HRES) aimed at fulfilling the power demands of both industrial facilities and residential buildings in the
Egyptian city of Siwa. The primary PV-WT system offers an economical approach to power distribution, with any surplus
energy efficiently channeled to an electrolyzer, which generates hydrogen. In instances where generated power falls
short, the stored hydrogen is utilized by a proton exchange membrane fuel cell (PEMFC), ensuring a continuous and
smooth supply of electricity to the load. Consequently, fuel cells act as supplementary sources designed to mitigate power
fluctuations and provide a stable electricity supply. The Zebra optimization algorithm (ZOA) is employed to determine
the optimal configuration of the proposed HRES, with the results being compared to those obtained from the cuckoo
search algorithm (CSA). The optimization problem's objective is to minimize both the loss of power supply probability
(LPSP) and the cost of energy (COE), which includes the number of PV arrays and wind turbines as decision variables.
The findings indicate that the optimal HRES configuration includes 82 PV arrays, 113 wind turbines, and 150 fuel cells.

Keywords: PV;WT;Optimization; ZOA; LPSP; COE
1. Introduction

Developing renewable energy sources is crucial for
transforming energy systems and reducing greenhouse gas
emissions [1]. Global pollution decreased by 5.9% in 2020
due to the coronavirus epidemic, significantly reducing
energy consumption and shifting attention towards hybrid
renewable energy systems (HRES) [2]. These systems
integrate one or more renewable energy sources (RE) to
enhance system efficiency and reliability. Various energy
sources, including fuel cells (FCs), wind, biomass, solar,
hydropower, and biogas, are combined in these systems.
FCs are particularly valued for their high efficiency,
surpassing that of batteries [3-7]. The vast majority of
HRESs operate independently or in combination with
electrical grids, with stand-alone systems commonly used
in remote areas to meet local energy demands [8]. The shift
towards HRESs has been driven by the need for a more
stable power supply and a more flexible energy system.
These systems offer the ability to connect supply and load
demand, as well as transmit electricity to remote regions.
This is especially important as the demand for power

continues to grow, and traditional power plants struggle to
meet these requirements [9-17].

Recently, several studies suggested techniques for optimal
hybrid systems' size providing more reliability with lower
costs [18-22]. In the literature, F. S. Mahmoud et al. (2022)
[23] present optimal sizing of photovoltaic-wind turbine-
fuell cell (PV-WT-FC) using Marine Predators' algorithm
and Seagull Optimization algorithm with run accounting
for the uncertainty in load demand. R. J. Rathish et al.
(2021) [24] use strong Pareto evolutionary algorithm that
demonstrate the best way to combine PV, WT, and diesel
energy sources to minimize CO2 emissions and acquire the
lowest possible overall cost of a hybrid system. A. Maleki
et al. (2015) [25] introduce best design of a solar-wind
system with a storage battery bank by applying the genetic
algorithm to minimize the loss of power supply probability
(LPSP) and the overall cost of the system. M. J. Hadidian-
Moghaddam et al. (2016) [26] use grey wolf optimization
to adopt the best design for a PV-WT-battery hybrid system
to reduce total annual cost and increase system reliability.
M. Bilal et al. (2022) [27] show three hybrid energy system
configurations to meet the power needs of the electric
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vehicle charging station that is in India's northwest that are:
(a) PV-diesel generator-battery based electric vehicle
charging station, (b) PV-battery based electric vehicle
charging station, and (c) grid-PV based electric vehicle
charging station. The optimization algorithm aims to
minimize the total net present cost and levelized cost of
energy, all while ensuring that the value of the probability
of power supply shortages remains within specified limits.
C. Ghenai et al. (2020) [28] FCs have drawn increased
attention as storage devices and have been crucial to HRES
in providing load with continuous power. A. A. Z. Diab et
al. (2019) [29] apply four novel optimization algorithms of
Water Cycle Algorithm, Whale Optimization Algorithm,
Hybrid particle swarm-gravitational search algorithm, and
Moth-Flame Optimizer to design optimal PV-WT-diesel-
battery hybrid system with minimum cost of energy (COE)
and LPSP. Sultan et al. (2021) [30] the suggested IAEO
algorithm shows quick convergence properties, the best
objective function minimum values, and the lowest EC
compared to the traditional AEO, PSO, SSA, and GWO
algorithms. Khan and Javaid (2020) [31] the PV/FC is the
most cost-effective hybrid system

compared to the PV/WT/FC and WT/FC systems. The Jaya
method’s results showed its superiority compared to other
algorithms used. Duman and Giiler (2018) [32] this system
presented the dispatch control strategies and the optimal
ratings of the renewable system units. According to the
techno economic analysis of this study, showed that battery
storage is still economically superior to hydrogen storage.
Hadidian Moghaddam et al. (2019) [33] FPA method
showed the best results in solving the optimal sizing
problem with fast convergence, minimum Total NPC and
better reliability compared to the other optimization
algorithms used. PV/WT/FC system is the most cost-
effective for many situations, with lower costs and higher
reliability indices in comparison to other suggested hybrid
system combinations.

The literature review makes clear the primary focus of the
researchers is on hybrid renewable energy systems and
their optimal sizing. Motivated by the literature review
considerations, the main objectives and contributions of
this work are:

* Optimal PV/WT/FC HRES for residential housing and
industrial units in the Egyptian city of Siwa has been
designed.

* A novel new metaheuristic technique known as the Zebra
algorithm, it incorporates the best features of a lot of other
algorithms, it has been used to address the optimization
issue. The size number of PV arrays, WTs, are used as
choice variables in the optimization problem. On the other
hand, the fitness function is the LPSP minimization and
estimated the number of FCs.

* The energy analysis cost for the ideal system size has been
established, The system saved 87.7% from cost compared
cost without HRES.

* We have analyzed the performance of the Zebra approach
by examining its resilience and convergence curves
through statistical analysis of 100 independent runs.

» To prove the optimal effective and performance of the
ZOA methodology, the results of ZOA are compared with
re compared with other optimization algorithms.

* Applied the Sensitivity analysis of ZOA algorithm for two
cases covering the system for 100% and 50% of load
demand in three configurations (PV/FC, WT/FC and
PV/WT/FC).

The paper is structured as follows: Section 2 will delve
into the modeling of the hybrid system, following the
introduction. The methodology, described in section 3, will
then be introduced, followed by the clarification of Zebra
algorithm process in section 4. The discussion on the
application and results is introduced in section 5. Finally,
section 6 presents the conclusion.

2. Modeling of PV-WT-FC hybrid system

The content modeling of PV/WT/FC is depicted in Figure
1. The system includes an AC bus and a DC bus. The
consumer's energy interests are met through the utilization
of energy generated from PV and WTs, which are dual
sources. Any residual energy is directed to an electrolyzer
to generate hydrogen, which is stored in a hydrogen tank
for later use in fueling a fuel cell. In instances where the
generated power falls short of meeting the demand for load,
the fuel cell is responsible for feeding the load. The HRES
parameters are presented Table 1, which contain the rated
power for PV, WT, FC, electrolyzer and converter, also
Open circuit voltage
Short circuit current.
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Fig. 1. PV/WT/FC hybrid system
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Loads
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otherwise

Component Parameters Value
PV array Panel model BBS24MF400 derating factor, Npyis the number of PV arrays.
(Mono PERC)
Maximum power 400 W 2.2 Modeling of WT system
Open circuit voltage 50.49V
Short circuit current 9.98 A
WT Model REYAH - H50
Rated power 50 kW
Beginning wind speeds 3m/s
Wind speed rated. 10 m/s
Suavigind geed | S0mS | s gvn by B
FC Model Fuel cell stack p\0-142
EH-81 V=1, (h—) m/s
Rated power 100kW ?
Voltage range 231-513 V
Peak current 450A [3], 23],
Efficiency 85 %
Electrolyzer Model PEM Pyr
Rated power 300 kW P.(1 = veyeein®)
Voltage 415V Ny * v° % — 5
Efficiency 75 % = "~ Veut—in
Converter Rated power 150 kW Nwr * Pyr,
Efficiency 90 % 0
2.1. Modeling of PV system wind speed (m/s),v,: rated wind speed (m/s).

The PV system output energy (PVg) is given by [38]:

SGlo
PVE =
Stand

X NPV X pPVr—cap X I:de,pv

ey

Where; S;,is the worldwide incident solar radiation
(kWh/m”2), S;qnals standard solar radiation (1 kWh/m”2),
Ppyr—_capis PV array rated capacity (kW), fue pyy is PV array

The output power of the wind turbine generator varies with
changes in wind speed, which, in turn, depends on the
height at the same site. Figure 2 shows the power output of
the wind turbine generator at the hub height as a function
of wind speed. The wind speed (V) at the turbine hub height

2

The WT generated power (Py,r) is calculated as follows

Where, Ny,r: the number of wind turbines,v : wind speed
(M/S),Veyi—in: cut-in wind speed (M/s),Voye_oye: cut-out

(3)
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Fig.2. Wind speed with power.

2.3 Modeling of Electrolyzer

By running a direct current (DC) across double electrodes
to separate water into hydrogen (from anode side) and
oxygen (from cathode side), the electrolyzer to produce
hydrogen s fueled by the excess energy created by PVs and
wind sources (See Equation (5)). Subsequently, the
hydrogen generated is kept in high-pressure tanks [23].

1
Electricity + H,0 = H, + 502 “4)

The following equation shows power output that is moved
from the electrolyzer into the hydrogen tank [23].
©)

= Pin_ele X Tele
Where P,,¢—ee €lectrolyzer's power output (kw), Py, ere
power input (kw),7,,, electrolyzer's constant efficiency.

Pout—ele

2-4. Modeling of H,Tank

When power output from wind and PV resources is low
during peak hours, FCs are fed the necessary amount of
hydrogen to make up for any shortage in the needed
power. The following is an illustration of energy from
hydrogen in any (t) [23]:

Psup _fc (t)

EtankH2 (at) = EtankHZ =1 + (Pout-ete — Tramk

(6)
Where; Eraniy, (At), Etaniy,, (t — 1) are energy stored in
tank in t and (t — 1) times, Py, ¢(t) power given to FCs,

Tiank 18 the efficiency of the hydrogen tank, is assumed to
be 95% during all operations.

X At

The next estimate is capable of being used for determining
the mass of hydrogen produced by the electrolyzes. [23]:

Etanky,, (At)
Maniqy, (A1) = ——=—

Where;

()

HHYV represent hydrogen's higher heating value, which is
39.7 kWh/m?.

2-5. Modeling of FC

An electrolyzer is used for converting chemical energies to
electrically DC energy in a fuel cell, which is made up of
two electrons (anode and cathode) and an electrolyte. In
addition to being simpler, requiring less maintenance, and
having a higher efficiency than batteries, it is also a green
energy source that produces no pollutants [41-43].
Equation (8) can be used to calculate the power generated
by FC in the following manner and number of fc can be
calculated form equation (9) [22]:

®)
©)

Pout_fc(t) = Psup _fc(t) X Tfc
_ max(Prc)

fe — Pgc rated
Where; 7y, is FC efficiency.

2-6. Modeling of DC/AC Converter

Since the loads require alternating current (AC) power, the
electricity generated by PVs and wind turbines is required
to convert DC to AC power. Equation (10) is utilized to
compute the inverter's output power [23].

Pout_invr = (Pout _fc (t) X Rgen) X Tinvr (10)
Where;
Pyen is quantity of power produced by RES.

Tinur 18 efficiency to inverter taken to be constant at 90%.

3. Methodology

3-1. Objective function

This work seeks to identify the optimal combination of
system components to maximize the HRES's energy output,
while minimizing the COE and LPSP. The solution will be
derived from decision variables subject to constraints as
outlined below “which represents the search boundaries of
the model parameters”

e Bounds constraint

min max
Npy" < Npy < Npy

(D
(12)

Where Npy, is the number of PV arrays; Ny, is number of
wind turbines, NJ¥™ NJA* NJH'and N~ represent the
low and high boundaries of the PV and WT system which
between 1: 250.

The generated power must be constrained to avoid charging
problems from the electrolyzer and discharging by the FC
device.

min max
Nwt < Nwr < Nyt

(13)

where MtankHz min Tepresents the lowest hydrogen tanks

MtankHz_min < ]V[tankH2 (t) < MtankHz_mg_x

and Mtankyz,max represents full capacity of H2 tanks.
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3-2. LPSP

LPSP stands for the probability of encountering an
inadequate power supply when a hybrid system falls short
of meeting the load demand. To determine the LPSP value,
the following equation is utilized,

Pload—Pgenerated P —(Ppy+Pwt+P
LPSP = g — Pload—(Ppv+PwietPrc)
Pload Pload

(14)

The power generated from WT is denoted by Py, the
power generated from PV by Ppy, the overall amount
generated power by Pyeperateq, the load power
byPyqq and Py, is the power of fuel cell.

3-3. COE

The annual overall cost of the hybrid system equals the
sum of the total costs associated with the PV arrays, FCs,
electrolyzer, hydrogen tank, WTs, and conversion
components of the proposed system [23].
= Ccaan + Cre_an + Co_m_an (15)

Ct_an
Where;

C¢ 4n 1s the combined system's total yearly cost.

Cca,,,, is the annual capital cost of each system component.
Cre_an 1s the replacement annual cost.

Co m_an 1s annual maintenance and operating costs for
every system component.

e The calculation for annual capital cost is as follows:

C

Cagn = Ccaan_pv + Ccaan_Wf + Ccaan_fc + Ccaan_ele

(16)

The cost of each individual component in the entire system
for one year is depicted in equation (17).

+ Ccaanihz + Ccaan_invr

Ceaanyy = Ceapy X CRF(i,L,,) ]
Ceaany, = Ceaye X CRF (i, Lyye)
Coamnye = Ceage X CRF(i Lyc) )
Ceagnyy, = Ceagre X CRF (i, Lete)
Coagny, = Cean X CRF (i, Lyz)
| Ceagny,,, = Ceapmpr X CRF (L, Linyy) |

where starting capital costs of the PV module, FC,
hydrogen tanks, electrolyzers, wind turbine module, and

converter. are denoted by the letters Ccq,,» Ccqa fos Ceapre
Ce

Ccapv, and C¢q,, ~ correspondingly. The lifetimes of

ap2°
PV module, hydrogen tanks, FCs, electrolyzers, WTs, and
converter are, in order, Ly, Lgc, Leje, Lpz, Lpy, and Lipy,..

The annual interest rate is denoted by i.

The investment cost is converted to the capital cost using

the Capital Recovery Factor (CRF). To calculate CREF,

equation (18) is considered.
. AL

CRF (i, L;) = —t0

i(1+)ki-1

(18)

e Annual replacement cost: this expense arises when
the component lifetime is less than the project
lifetime.

(19)

e Annual operation and maintenance costs: These are
the expenses incurred when a hybrid system
component needs to be repaired or when it is
necessary to operate a component.

C o_m_an

= Co_m_an_pv + Co_m_an_wt + Co_m_an_fc + Co_m_an_ele

(20)

+ Co_m_an_hz + Co_m_an_invr

The formula below is used to compute. COE of hybrid
power systems:

COE = Stan

Pload

(21

3.4 Operation Strategy

The operation strategy used in the proposed hybrid system
is simplified in a flowchart shown in Figure 3, a HRES is
designed to generate power for Siwa Osias in Egypt from
solar and wind energies, with excess power being directed
to an electrolyzer system to produce hydrogen. This
hydrogen is stored in tanks and then used in fuel cells (FCs)
to generate electricity when the generated power does not
meet load demand. To achieve the best possible system
sizing, several key elements need to be optimized: the size
of hydrogen tanks, the number of PV arrays and wind
turbines, and the rated power of FCs, inverters, and
electrolyzers. These factors are interdependent, requiring a
careful balance to ensure the system can reliably meet load
requirements while minimizing production energy costs. A
novel metaheuristic algorithm called the Zebra
optimization algorithm is developed to determine the
optimal sizes for PV arrays, wind turbines, and fuel cells by
considering them as variables in the optimization problem.
The objective is to minimize the LPSP and COE.



International Journal for Holistic Research, Vol. 2, No. 2. Jan 2025

@
e
—

Fig.3. Operation Strategy.
4. Zebra optimization algorithm

Zebra optimization algorithm (ZOA) basic idea behind is
to simulate the social behavior found in zebra herds in the
natural [44]. A pioneer zebra facilitates the movement of
other zebras towards the food source during the hunting
technique. Consequently, a pioneer zebra leads a group of
other zebras over the plains. The zebras' main defense
against predation is to flee in a zigzag manner. But
occasionally, they try to scare or confound the predator by
congregating. The proposed ZOA design draws its
fundamental inspiration from mathematical modelling of
these two forms of intelligent zebra behaviors.

4.1. ZOA mathematical model

4-1-1. initialization

Zebras are part of the ZOA population, a population-based
optimizer. Each Zebra is a potential remedy for the problem
from a mathematical perspective, and the plain where the
zebras are located is the problem's search space. The
decision variables values are established by each zebra's
location inside the search space. As a result, a vector may
be used to describe each zebra as a member of the ZOA,
with the values of the issue variables being represented by
the vector's elements. A matrix can be applied to
numerically model the population zebra [44]. The zebras'
starting locations inside the search area are chosen at

random. The population matrix for ZOA can be found in

(22).

[Zl] [ Zl,l Zl,j erm 'l
[ i P :
7 = |le =| Zi1 - Zij Zim (22)
N [ZN,I o ZNj INmdg,
Where;

N is number of individuals in a population (zebras).

m is choice variables ‘number.

Z is population zebra.

z; is ith zebra.

z; j is the answer for jth problem variable provided by ith
zebra.

Each zebra represents a potential solution to the
optimization problem. Consequently, the proposed values
of each zebra for the issue variables may be utilized to
evaluate the objective function. By utilizing equation (23),
the values are provided as a vector acquired for the
objective function.

[Fl] F(Zl)]
[ ] F(Z)I
Fy lF(ZN)J

Where;
F is vector objective function value.
F; is objective function value acquired for ith zebra.

(23)

Nx1 Nx1

The best candidate solution for given issue is found by
comparing the obtained values for the goal function, which
effectively analyses quality of their associated candidate
solutions. The zebra with lowest objective function value is
the best possible solution to reduction problems.
On the other hand, the optimal candidate zebra in
maximization issues is the one with the greatest value of the
objective function. The perfect solution for the candidate
must be found in each iteration as the zebras' locations and,
as a result, the values of goal function, are modified in each
iteration.

ZOA members have been updated using two of the zebra's
natural behaviors. The first of these two behavioral patterns
is foraging, and the second is predator defense mechanisms.
Participants within the ZOA community are therefore
updated twice every cycle.

4-1-2. Phase 1: Foraging Behavior

Using models of zebra behavior while foraging, population
members are updated in the initial phase. The plains zebra,
one of the zebra species, offers habitat to other species that
require shorter and more nutrient-rich grasses below. The
best zebra in the population is known as the pioneer zebra
in ZOA, and it guides other zebras in the population
towards its location in the search space [44]. Therefore,
equations (24) and (25) may be used to mathematically
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simulate how zebras' positions are updated through the
hunting period.

Zirjjew'Pl = Zi,j +r. (PX] — L Xi,j) (24)
new,P1 new,P1 .

7 = {Zi F! <F 25)
Z; else

Where;

PX is the best member to represent the pioneer zebra.
PX;is jth dimension.

r is a random number within a specific range [0; 1].

4-1-3. Phase 2: Defense Strategies Against Predators

The second step involves updating the position of ZOA
population members in the search space using models of
the zebra's defense mechanism against predator assaults.
The mode S1 in equation (26) can be used to simulate this
tactic. When a zebra is attacked by another predator, the
remaining zebras in the herd migrate towards it to create a
protective structure that will intimidate and confuse the
attacker. The mode S2 in equation (26) is used to
mathematically represent this zebra technique. Zebras
update their positions, and if a new site has a greater value
for the goal function, the zebra is allowed for the update.

Equation (27) is used to simulate this updating
circumstance.
new,P2
ij
Sl: Xi,] + R. (Zr - 1)
t
_ (1 - T) X5 P, <05 (26)
k SpiXij +r. (AZ]- — I).xi,]- else
new,P2 new,P2 .
7, = % F! <F @7
yA else
Where;
Z7°""P2 is the updated status of the ith zebra in accordance

ffW‘Pz is the value of the jth
dimension. F

; is objective function's value. t is
contour of iteration. T is the biggest number of used
iterations. R is constant value represents 0.01. P is the
probability of selecting one of two randomly generated
strategies in the interval [0; 1]. AZ is the assaulted zebra's
status.

with the second phase. z
pew,PZ

4-1-4. Applied ZOA algorithm

The population members are updated depending on the first
and second phases at the end of each ZOA cycle. Up to the
algorithm's complete implementation, the algorithm
population is updated depending on equation (24) to (27).
Through several cycles, the best candidate solution is
updated and stored. ZOA presents the top contender as the

best answer to the given problem when it has been
completely developed. In Figure 4, the ZOA processes are

displayed as flowcharts.

Input information of optimization problem

!

Set paremeters of N and T |

!

| Creat initial population |

|

Evaluate objective function based on initial
population

| Update PX: Pioneer Zebra |

I

Phase 1: Calculate Zi"™""' using eq. (26)

I

| Phase 1: Update Xi using eq. (27) |

Phase 2: Ps = rand

l—Ves

Phase 2: Calculate Zi™""? using mode Sy in
eq. (28)

| Phase 2: Calculate ZI"™" using mode S in

eq. (28)
!

Phase 2: Update Xi using eq.
(29)
— >
yes

‘ Save the best soluation found so far |

<

I
yes
v

| Print the best candiate solution |

Fig.4. Flowchart of ZOA.

5. Application and results analysis

5-1. Meteorological data of case study

This study takes into consideration a specific services site
in the Egyptian Oasis Siwa (29.150 N, 25.539 E). The
capacity and continuity of the energy supply are limited
since the facility is connected to a low-reliability electrical
system. The location offers the following services:
manufacturing, farms, and schools and the loads which are
used in them. In Table 2, the load data is displayed. The
average load profile used in each hour through 24 hours in
the month July, the month which has the max load demand
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100MW in the Siwa oasis is shown in Figure 5. The total

ground's surface is depicted in Figure 8 for the whole year.

loads in the site a connected load of 103 MW, the maximum  Within median yearly speed wind of 5.53 m/s, this region
load is around 100 MW.

Table 2. Load data.

Load data of schools

Device Power |Quantity | Total load
W) power (MW)
Lighting 100 43000 4.3
Appliances (class A
200 W") 2000 2000 4
Appliances (class B
100 W") 1000 5000 5
Appliances (class C
75 W) 750 4000 3
Appliances (class D
70 W) 700 1000 0.7
Appliances (class E
50 W") 500 4000 2
Load data of farms
Device Power (MW)
Total power of operating
. 24
devices
Load data of factories
Device Power (MW)
Total power of operating
. 60
devices
120.0
E 100.0
s 80.0
= 60.0
® 400
= 200 |
00 Lissssnl LEEa
0 2 4 6 8 10 12 14 16 18 20 22
Hour

Fig. 5. Average hourly load profile through the year.

NASA's Ground Meteorological and Sun Energy webpage
was consulted for site's local resources, which included
temperature, wind speed, and sun radiation [45]. The
average monthly sun radiation for the entire year is shown
in Figure 6 and the month January has the lowest radiation
with 3.732 kWh/m2/day but the month June has the biggest
of radiation. At 8.43 kWh/m?/day, June has greatest every
day's average radiation from the sun and average annual
solar radiation is 5.92 kWh/m?/day. The median every
month temp for the entire year is shown in Figure 7. The
average annual temperature is 21.1 °C, which may have an
impact on photovoltaic efficiency. Consequently, the high
ambient temperature of 29.68°C in July may have a
detrimental effect on the power generation of PV panels.
The monthly average wind speed at 50 meters over the

offers a lot of potential for using wind energy.
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Y
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B
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=
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Fig. 6. Average monthly solar radiation.
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Fig.7. Average monthly temperature.
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Average wind speed (m/s)

Fig.8. Average monthly wind speed.

5-2. Discussion of case study results

Table 3 provides the specs of all elements used in HRES in
this investigation. The lifetime of the system was estimated
to be 25 years, the interest rate to be 6%, and the FC lifetime
to be 5 years.

(0]
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MATLAB software is utilized to simulate and apply the
suggested sizing strategy, considering significant variations
in the average solar radiation, the average temperature, and
the average wind speed. The model takes temperature, wind
speed, and sun radiation observed data from the Oasis Siwa
site as input. The number of PV arrays and WTs, which are
the decision variables, have minimum and maximum
constraints of 1 and 250, respectively.

Furthermore, the largest number of agents searching is 30,
and the maximum is 1000 iterations. To determine the best
option for each component such as size of solar PV, WTs
and FCs. Table 4 presents outcomes simulation of
suggested technique for two strategies. ZOA achieved the
best optimum solution concluded that predicts the best
COE of 0.0005712 $/kWh, and lowest NPC = 1.1296 x
107 $ and LPSP=0 compare with CSA algorithm estimates
0.0006439 $/kWh to the COE and NPC = 2.41 x 107and
LPSP = 5.2963 x 107°. But when we compare with
another new algorithm, Find the ZOA achieve the best
optimum solution where COE of 0.0005712 $/kWh, and
lowest NPC = 1.1296 X 107 $ and LPSP=0 and the result
of RIME algorithm COE of 0.0002562 $/kWh, and NPC =
1.6793 x 107 $ and LPSP=1.2963 x 10723,

According to the ZOA optimization algorithms, it has
been demonstrated that the proposed location offers the
lowest COE. After careful analysis, it has been determined
that the ideal configuration for the system contain of 82
arrays PV, 113 wind turbines, 150 FCs, electrolytes rated
300 kW of power, H2 tanks with a maximum mass of 150
kg, an inverter with a rated output of 150 kW and a 100
kW-rated FC and get maximum power produced by 20 MW
hydrogen production electricity by electrolysis. This
optimized setup ensures efficient operation and harnesses
renewable energy sources to their fullest potential.

Figures cover several aspects of the MATLAB
replication and enhancement. Figure 9 shows the greatest
power generated by the PV (143 MW) and wind (3.96 MW)
for the month of July, which is the month with the highest
load in our area. Figure 10 shows discrepancy among
power and load produced by wind and photovoltaic
systems; the load may produce up to 100 MW of power.
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If combination electrical power produced by WT and PV
solar cell array exceeds the demand from the load, the
electrolyzer is utilized to make hydrogen by absorbing
excess energy, which is then collected in its tanks. The FC
generates energy to make up for the energy shortage during
low power generation hours. Figure 11 indicates the power
of electroyzer and Figure 12 indicate the power of FC.
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The convergence of the Zebra algorithm throughout 100
separate runs of finding the best solutions for FC /WT/ PV
HRES is depicted on Figure 13. When the best solution is
achieved, which is reached by the 8lst iteration, the
convergence is done at random and stabilizes. There are
153 FCs, 92 WTs, and 82 PV arrays in the optimized
HRES.
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Fig.13. Convergence characteristics of Zebra algorithm.

5-3. Short-term exploration for economic feasibility of
100% renewable fraction

Considering that the fraction of energy delivered to the load
originating from the designed HRES is 100% (100%
renewable fraction), a short-term exploration of economic
feasibility over a five-year period is being analyzed. This
analysis is set up with an assumption of a 5% increase in

load demand and a 1% increase in COE every year. As a
result, five scenarios are established as follows:

- Scenario 1 (reference scenario): Year 2024 with
836251.5 MWh, 0.0005712 $/kWh COE for 100%
renewable fraction, and 0.0390 $/kWh COE for 0%
renewable fraction.

- Scenario 2: Year 2025 with 878064.1 MWh,
0.0005769 $/kWh COE for 100% renewable fraction,
and 0.0394 $/kWh COE for 0% renewable fraction.

- Scenario 3: Year 2026 with 921967.3 MWh,
0.0005827 $/kWh COE for 100% renewable fraction,
and 0.0398 $/kWh COE for 0% renewable fraction.

- Scenario 4: Year 2027 with 968065.6 MWh,
0.0005885 $/kWh COE for 100% renewable fraction,
and 0.0402 $/kWh COE for 0% renewable fraction.

- Scenario 5: Year 2028 with 1016468.9 MWh,
0.0005944 $/kWh COE for 100% renewable fraction,
and 0.0406 $/kWh COE for 0% renewable fraction.

Figure 14 illustrates the COE for annual load demand over
a five-year period, from 2024 to 2028, with no renewable
energy fraction. Conversely, Figure 15 presents the COE
for annual load demand with a renewable energy fraction
of 100% over the same five-year span.

Table 3. Economic data regarding the components of the system [23].

Elements TYl‘;lbni(lile PV Array Electrolyzer H):[(?:I(:l%en Fuel Cell Inverter
Cap. cost 118,412 136,912 52,311 17,004 71,219.2 12,387
($/unit)
Rep. cost 52,500 | —meeeeee- 22,500 9000 50,000 7500
($/unit)
O&M cost 5250 5000 7500 22504 17,500 1203,02
($/unit)
Lifetime 20 25 20 20 5 15
(year)
Table 4. Outcomes of optimum performance values according to ZOA and CSA.
Parameter best Solution
ZOA CSA RIME
N PV 82 78 99
N WT 113 240 198
N FC 150 139 170
COE($/kWh) 0.0005712 0.0006439 0.0002562
NPC ($) 1.1296 x 107 2.41 x 107 1.6793 x 107
LPSP 0 5.2963 x 10~° 1.2963 x 10723
Number of iterations to get optimum ]1 40 77
solution
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Fig. 15. COE for annual load demand with 100% renewable
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In the year 2024, the cost of the COE for annual load
demand decreased from 32,613,808.5 $ with no renewable
fraction to 477,666.9 $ with a 100% renewable fraction.
Similarly, in 2025, the COE for annual load demand saw a
further reduction from 34,586,943.9 $ with no renewable
fraction to 506,565.7 $ with 100% renewable fraction. By
the year 2026, the COE for annual load demand had
dropped even further, from 36,679,454 $ with no renewable
fraction to 537,212.9 $ with 100% renewable fraction.
Continuing the trend, in 2027, the COE for annual load

demand experienced another decrease, this time from
38,898,561 $ with no renewable fraction to 569,714.3 $
with 100% renewable fraction. Finally, in the year 2028,
the COE for annual load demand reached its lowest point,
dropping from 41,251,923.9 § with no renewable fraction
to 604,182 $ with 100% renewable fraction.

Based on these results, it is evident that with a renewable
energy fraction of 100%, the COE for annual load demand
is reduced by 98.5 % each year. Over the five-year period,
the total financial savings, considering the NPC of
1.1296 x 107 $, amounts to 92.4%.

5-4. Sensitivity analysis

A sensitivity analysis has been performed to assess the
effects of three distinct HRES configurations on LPSP and
associated costs. The configurations examined include
PV/WT/FC, PV/FC, and WT/FC systems. This analysis
was conducted at two different HRES penetration levels
relative to the peak load demand of 100 MW, specifically
at 100% and 50% penetration during July, which
experiences the highest load demand in Siwa Oasis.
Simulations were executed using the ZOA methodology,
with results detailed in Table 5.

Table 5. Sensitivity analysis results.

Case 1: Results of system design with 100% HRES penetration ratio (100 MW)
HRES Number of components
configuration PV WT FC LPSP NPC () COE ($/kWh)
PV/WT/FC 82 113 150 0 1.1297 x 107 0.0005712
PV/FC 85 - 178 0.1155 x 10~* 1.0875 x 107 0.000755
WT/FC - 400 528 0.85 x 1073 4.6857 x 107 1.006078
Case 2: Results of system design with 50% HRES penetration ratio (50 MW)
HRES Number of components
configuration PV WT FC LPSP NPC () COE (§/kWh)
PV/WT/FC 24 71 38 1.44 x 10716 3.4652 x 10° 1.001669
PV/FC 42 - 66 1.1486 x 10710 1.0535 x 10° 0.0003924
WT/FC - 167 10 0 1.928 x 107 5.006363

In Case 1, characterized by a 100% HRES penetration ratio,
the PV/WT/FC system demonstrated the lowest LPSP and
the minimum COE. Additionally, its NPC was found to be

lower than that of the WT/FC system but higher than that
of the PV/FC system, thereby identifying the PV/WT/FC
configuration as the optimal solution. In Case 2, which
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involved a 50% HRES penetration ratio, the PV/FC system
emerged as the most economically favorable design,
exhibiting the lowest NPC and COE values. Although the
LPSP for the PV/FC system was lower than that of the
PV/WT/FC system and higher than that of the WT/FC
system, it still qualified as the optimal system design.

6. Conclusion

A novel approach utilized optimize the fuel cell
sizing, solar, and wind components of a hybrid
renewable energy system (HRES) that is linked to a
stand-alone micro grid system. The month of July
was picked as the case study to address energy
requirements of Siwa, Egypt's residential and
industrial buildings. The month with the highest load
demand is July. The proposed approach aimed to
reduce the Cost of Energy (COE) with high
efficiency to meet the load demand according to the
results of a novel metaheuristic method called the
Zebra algorithm. Out of all the optimization results,
the suggested zebra method also provides the ideal
HRES component sizes to reduce the COE as
effectively as possible while meeting load
requirement.

The above proposed algorithms are applied to
size and optimize the desired hybrid electrical system
for supplying a residential load demand. The results
show that:

- The method achieved the goal of work, minimum
cost with good performance.

- A comprehensive comparison between ZOA and
CSA is presented to obtain the optimal case. The
simulation results ensure the superiority of ZOA
in solving the optimization problem and reaching
the best optimum solution of the objective
function of 0.1565, which represents the
minimum values of the COE of 0.0005712
$/kWh, NPC of 1.1296x10"7 and LPSP of zero,
which agree with the predefined values.

- Based on these results, it is evident that with a
renewable energy fraction of 100%, the COE for
annual load demand is reduced by 98.5 % each
year. Over the five-year period, the total financial
savings, considering the NPC of 1.1296x1077 §,
amounts to 92.4%.

- In Case 1, characterized by a 100% HRES
penetration ratio, the PV/WT/FC system
demonstrated the lowest LPSP and the minimum
COE. Additionally, its NPC was found to be
lower than that of the WT/FC system but higher
than that of the PV/FC system, thereby

identifying the PV/WT/FC configuration as the
optimal solution.

- In Case 2, which involved a 50% HRES
penetration ratio, the PV/FC system emerged as
the most economically favorable design,
exhibiting the lowest NPC and COE values.
Although the LPSP for the PV/FC system was
lower than that of the PV/WT/FC system and
higher than that of the WT/FC system, it still
qualified as the optimal system design.

To reduce costs even further, consider using a
different type of backup energy in future projects
rather than batteries. Furthermore, the suggested
approach may be used for various study scenarios
spanning the entire year. Then, further algorithms
could yield the best design for any study situation.
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