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Access to reliable and sustainable power generation in remote areas is a critical challenge
faced by many regions worldwide. In such areas, hybrid energy systems integrating solar,
wind, and battery components have emerged as a promising solution to overcome the lack
of electricity infrastructure. This research primarily focuses on modeling the power supply
for houses in remote areas of Iraq. It discusses a hybrid system to meet the electrical demand
of a small area. The simulations and optimal sizing of the system are performed in
MATLAB 2023a using a swarm-based artificial bee colony (ABC) algorithm. The findings
have been compared with results from HOMER, a program commonly used to optimize
combinations of electric and renewable energy sources, to confirm the effectiveness of the
proposed approach. The main goals of this optimization project are to optimize the system
component sizes and obtain the minimum cost of energy (LCOE). The results from the
ABC algorithm show that the system exhibits good performance and convergence. This
study also evaluates the proposed system's performance in the event of a failure from any
source. The results confirm that the proposed method and optimal configuration can handle

an efficient and reliable system.

Keywords: Artificial Bee Colony, Levelized Cost of Energy, Photovoltaic Array, Wind Energy.

1. Introduction

According to recent scientific studies, more than 75% of the
world’s energy is derived from burning fossil fuels. High
carbon emissions have a significant harmful influence on our
environment and health. That's why the growing consumption
of fossil fuels promotes an ongoing search for alternative
resources. For these reasons, the world shifted toward lower-
carbon resources. There are several renewable energy sources,
such as solar PV, wind, and clean resources. These kinds of
resources are never-ending, and their accessibility is at no cost,
as is the generation of electrical power, which is extremely low-
cost [1].

In recent years, the integration of renewable energy resources
has been encouraged by many governments worldwide, as they
have revised their policies and regulations to promote
renewable energy systems. This can be accomplished by
increasing capacity and efficiency, and by implementing
renewable system preservation strategies. The most challenging
factor is the irregular patterns of renewable energy resources;
however, developing modern hybrid systems can provide
reliable, constant energy output [2]. The design of a hybrid
renewable energy system (HRES) is affected by several factors,
for example, energy availability, the technical and physical
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state of the area, the efficiency of renewable resources, and the
physical condition of the location. Optimal sizing is a crucial
factor to consider [3].

A hybrid energy system can be utilized in standalone or grid-
connected modes. The main difference between standalone and
grid-connected modes is that standalone requires a large storage
system, whereas a small one may suffice in grid-connected
mode. Hybrid energy systems, especially those with solar PV
and wind turbines, interest many researchers in developing
methodologies for designing, sizing, and optimizing various
system types. Most of the time, the energy production profile of
PV-wind hybrid systems does not match load demand.
Therefore, reliability investigations are required, especially in
standalone mode, to achieve a highly efficient system at a lower
cost.

Before implementing HRES units, it is important to calculate
capacity using design methodologies to find the optimal
solution with the lowest overall cost and to conduct feasibility
analyses. Unit sizing is the process of selecting the size of a
hybrid energy system component to reduce overall cost while
maintaining the system’s reliability in its optimal state.
Selecting larger equipment results in a more expensive system,
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whereas opting for smaller equipment increases the likelihood
of power-generation failures [4].

The main parts of the HRES are renewable power sources
(sometimes non-renewable), a storage system, a load or the
grid, and a power conditioning unit. Optimization of the system
refers to the process and methodology for developing a
functional design for the hybrid system. From another
perspective, it is defined as finding innovative ways to achieve
the highest performance and cost-effectiveness under the same
constraints by increasing desirable factors and reducing
undesirable ones [5]-[7].

According to a recent report by the World Meteorological
Organization (WMO), the world should triple its investment to
reach net-zero emissions by 2050 [8],[9]. Irag's conditional
emissions reduction target reaches 15% by 2030 [10]. Iraq
receives intense solar radiation every year, up to 2000 kWh per
square meter, which requires cooperation between
governmental and non-governmental organizations to exploit
these free resources fully [11].

Delton et al. [12] report an expectation that the gradual rise in
gasoline costs and the imposition of a carbon tax will result in
a significant decrease in the net present cost (NPC) of off-grid
systems. A carbon tax is the most effective way to lower
emissions because it allows each company to emit a certain
amount. This policy has not yet been implemented in Irag.
Targeting emissions requires a smart annual plan that uses not
only regulations but also all the forms of renewable energy
available in our region [13]-[15].

This study aims to examine the effectiveness of renewable
energy sources in Iraq, raise public awareness, and advocate for
greater efforts and funding from local governments toward
these projects [16], [17].

2. Related Work

Multiple studies have examined the use of the ABC algorithm
to optimize hybrid renewable energy systems, namely those
integrating solar PV, wind, biomass, and battery components.
Singh et al. [18] introduced an optimal sizing methodology that
uses the ABC algorithm to determine the optimal capacities of
photovoltaic (PV) panels, wind turbines, biomass, and batteries.
This approach considers both the energy requirements and the
potential of renewable energy sources in isolated locations in
India. The results were also compared with the HOMER
software tool and the particle swarm optimization (PSO)
algorithm, revealing the ABC algorithm's ability to identify
near-ideal solutions that maximize renewable energy
consumption while minimizing system expenditures.

In addition, Frimpong et al. [19] conducted a comparative
analysis of the ABC algorithm against other commonly used
optimization algorithms for renewable energy systems. Their
study assessed the efficacy of the ABC algorithm in terms of its
convergence rate, solution accuracy, and resilience. He also
identifies the optimal configuration of multiple energy sources
(solar PV, wind, biomass, and battery) in South Africa using the
social spider prey (SSP) algorithm. The findings demonstrated
that modern SSP algorithms exhibited strong performance and

efficacy in identifying solutions close to ideal for hybrid
renewable energy systems.

This work is related to other nature-inspired optimization
algorithms, like genetic algorithm (GA) [20], ant colony
optimization (ACO) [21], biogeography-based optimization
(BBO) [22], artificial immune system (AIS), distributed gray
wolf optimizer (DGWO), and cuckoo search (CS).

In this research, our contribution is based on the application of
the ABC algorithm to optimize a (solar PV-wind-battery)
hybrid energy system, considering the specific problems and
requirements of the target location. We strive to overcome the
intermittency of renewable energy sources, fluctuating load
demand, and system constraints to identify an optimal design
that maximizes renewable energy utilization, reduces system
costs, and ensures a reliable power supply.

By conducting simulations utilizing real local data, we will
evaluate the performance of the ABC algorithm. This
evaluation will include criteria such as energy production, cost-
effectiveness, system reliability, and compliance with hybrid
system limits. The outcomes of this research will contribute to
the developing body of knowledge on the application of the
ABC algorithm in optimizing (solar PV, wind, and battery)
hybrid energy systems. Furthermore, it can be used to research
the hybridization of various optimization algorithms. Hybrid
algorithms combine the strengths of multiple algorithms to
overcome their individual constraints and improve overall
optimization performance.

3. Method of the Research
3.1. Introduction to the ABC Algorithm

Optimization using the ABC method is recommended for
HRES systems after all accuracy and delay issues have been
addressed with other techniques [23]. The ABC method, a
recently discovered swarm-based algorithm, imitates the
intelligent foraging behavior of honeybee swarms. This model
has three important factors [24]: food sources, employed
foragers, and unemployed foragers. It also highlights two
fundamental actions of honeybee colonies: recruitment of a
food source and abandonment of a source.

Food Sources: The selection process involves a forager bee
considering various parameters of the food source, such as
proximity to the beehives, energy intensity, nectar flavor, and
the ease or difficulty of energy gathering [25].

Employed foragers: bees that are currently exploring a specific
food source. They know this source and communicate it with
other bees in the hive. This information provides the location,
direction, and value of the food source [26].

Unemployed foragers: bees in search of a profitable food
source. They can either be scouts who randomly discover the
area or observers who aim to identify a food source based on
the information given by the hired bees.

The ABC algorithm's distinguishing feature is its use of fewer
control parameters than other optimization algorithms, such as
Particle Swarm Optimization (PSO) and Genetic Algorithm
(GA). It is considered one of the superior evolutionary
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algorithms because it provides excellent convergence accuracy
and results close to the optimal solution [27]. The results will
be based on the levelized cost of energy (LCOE) value; the
optimal design will have the lowest LCOE. The main goals for
this study have been outlined below:

To develop mathematical models for each unit of the designed
hybrid system (PV-wind-battery storage) to supply power to
off-grid locations or areas in lraq experiencing long-term
electricity shortages.

To use the ABC algorithm to determine the optimal sizing for
each component that has the lowest LCOE by minimizing the
Net Present Cost (NPC) of the hybrid energy system.

( DC b )
us
\\ 74

PV panels

| .
m :J“’

Battery bank

Charge controller

Dual converter

In this paper, the main contribution is the design of a reliable
and cost-effective hybrid (PV-wind-battery storage) system to
meet maximum load demand. The mathematical models and
operation strategies for different units have been discussed in
detail.

3.2. Mathematical Modeling of the Hybrid System

This section presents an in-depth analysis of the proposed
hybrid system's formulation. The system is designed to connect
various pieces of equipment to the proposed microgrid to
supply electricity to remote areas or to support an electrical
shortage in this location, as shown in Fig. 1.

v Wind turbine

gl SR
E

Pdunp

Dump load

Electrical load

Utility grid

Figure 1. A hybrid renewable energy system consists of different units.

The system comprises AC and DC buses. In this scenario, wind
turbines will be linked directly to the AC bus, while PV panels
and battery banks will be connected to the AC bus through a
converter. To ensure a continuous, uninterrupted supply of
electrical power and to properly manage the rates at which the
batteries are charged and discharged, the system uses a charge
controller. This system is not only used in certain isolated
locations, such as villages or small homes in developing
countries that suffer from power outages. Still, it may also be
integrated into the grid in any area experiencing a deficiency in
electricity production [28]. The mathematical model of each
component will be addressed as shown below:

3.2.1. Solar photovoltaic panel (PV)

PV cells are the main structural components of solar PV panels,
which convert sunlight directly into DC via the photovoltaic
effect. A single PV cell can generate approximately 1-2 W of
electricity [29].

The solar PV panel's output power, which relies upon solar PV
irradiation, is calculated as follows:

G
s h(t)
P, sol = Ig r floss Gs

(@)

Where: P? is the rating power, fj,s is the loss factor, Gy is
the PV hourly radiation incident at the surface, Gy is the
standard incident radiation, equal to 1000 W/m2.

Factors such as shadows, ambient temperature, and dirt may
significantly affect the power output and efficiency of the solar
PV panel. Therefore, these factors, together with the length of
daylight, must be examined.

3.2.2. Wind power generation

Wind speed is an important variable in weather and climate;
wind power plants require enormous open areas to operate
because of the structure of their turbine blades [30]. Isolated
areas with low human density, such as offshore islands, are
ideal for building wind energy systems, provided wind speeds
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are favorable. This is typically calculated by taking hourly
measurements of wind velocity over a specified period.
0 V(@) SV, or V() = Vegus
Prw V‘rat =< V(t) =< Vcout (2)
B M Vcin = V(t) = V‘rut

r
Vrat -V,

Pyery)=
Where: P, is the power generated by the wind turbine at a
given time, BY is the rated power of one unit of the wind

turbine, V,,; is the rated wind velocity; V., is the cut-in
velocity, V., is the furlong velocity.

The wind velocity at a selected hub height varies with
geographical location and differs from that at the reference hub
height. It’s calculated as follows:

VO=Vgy (31 ©

Where: V(1) is the wind velocity at height Hyr, Vi) isthe wind
velocity at the reference height H,andy is the friction
coefficient.

The optimum value for a low-roughness surface and a favorable
exposed location lies between (0.14) and (0.25), with the ideal
value being (0.14).

3.2.3. Battery storage

The modeling of this system accounts for the state-of-charge
(SOC) and depth-of-discharge (DOD) limitations. Generally,
renewable energy sources exhibit slower response times, which
may be mitigated by incorporating faster-response energy
storage devices [31]. The use of a battery bank in the hybridized
system is primarily to store excess power, which can be
discharged during periods of low energy or when energy is
unavailable. The calculation of energy in this context can be
performed using precise estimates of SOC and DOD. The SOC
of the batteries, which varies over time, can be determined as
follows:

SOC(t) T Ph(r) Thatt
soc(tn) frs Vius d @

Where: Py battery’s input-output power, Ty, the battery’s
round-trip efficiency, V4, the bus voltage. The battery's power
might be either positive or negative.

When the battery is charging, its power is considered positive.
Conversely, during the discharge phase, the battery's power is
considered negative. Each manufacturer sets specific allowable
SOC limitations. The limitations are as follows:

SOC(H)™" < SOC(t) < SOC(t)™e* (5)
SOC(t)™n = (1 —DOD) x SOC(t)™max (6)

Furthermore, it is essential to understand and determine the
round-trip efficiency, as shown below:

— c d
Tpatt = "Tbatt Thatt (7)

Where: t$,,, is the battery charging efficiency, 1, is the
battery discharging efficiency [32].

This study claims that the battery’s round-trip efficiency is
predicted to be 90%, with a charging efficiency of 85% and a
discharging efficiency of 100%. Additionally, a 30% safety
margin has been identified as suitable for ensuring safety and
extending the battery's lifetime. The maximum capacity of the
batteries can be calculated as follows:

Cu(Ah) = 25 C, (AR) (®)

Where: Ny, 1S the overall amount of the batteries, N, is the
overall number of batteries coupled in series, C,(Ah) is the
capacity of asingle battery. The total number of batteries linked
in series may be found using the following:

14 us
Njaee = 37 ©)

Vbatt

Where: V4 Itisasingle battery voltage.

The final step in the battery's mathematical modeling is to
calculate its maximum charge and discharge power, which
depend on the maximum charge current.

Nb tt Vbatt Imax
Pmax — al 10
b 1000 (10)

Where: L., i the maximum battery current in Ampere.
3.2.4. Power converter

The necessity for dual power converters, particularly (AC-DC)
and (DC-AC), principally comes from the use of both AC and
DC units in the electrical system. In this scenario, the solar PV
panels and batteries supply direct current (DC) output power;
however, the load requires alternating current (AC) [33]. The
electrical power of the inverter is calculated as follows:

PN
Tinv
Where: P/ (t) the peak load demand, t;,,, is the efficiency of
the inverter.

3.3. Proposed Work

Pinyy (t) = 11)

In this section, the primary focus was on designing reliable and
economically affordable hybrid energy systems. The main
output variables are the evaluation and size of the (PV-wind-
battery storage). The main objective function, operation
strategy, and summary of the ABC algorithm will be discussed.

3.3.1. Operation strategy

For this proposed system to be efficient and reliable, a suitable
design with good power management is required. The
operational strategies in simplified steps are shown below:

If the combined energy production from photovoltaic (PV)
panels and wind turbines is adequate and wind generation falls
short of load demand, renewable sources alone may meet
demand. Any extra power generated beyond the load
requirement can be preserved in battery storage, as shown
below:

Py (8) = P (©) =[P, (&) — Ry(D)]/ Tiny

Where: Py, is the load demand, t,,, is the inverter efficiency.

(12)
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If wind turbines generate sufficient electrical power to fulfill the
load requirement, extra power from (PV & wind) will be
preserved in the battery. The power of the battery in this case is
shown in (13):

Pb(t) = [Pw (t) _PL(t)] Trec + va(t)

Where: 1, is the efficiency of the rectifier.

(13)

For both cases in (12) and (13), if P, is more than the upper

Pdump @) = P () — Pl;nax ®) (14)

If the power of PV and wind is insufficient, then balancing
power from the batteries can be provided in the following:

Py, (t) = [PL (t) - Pw(t)] / Tiny — va (t) (15)

The operation strategy flow chart of the proposed hybrid energy
system is shown in Fig. 2. Calculate B,, (t), B, (t) and check

P.(t).

capacity limit of battery storage (P;"**). In some
circumstances, extra power can be dumped or sold to the grid.

Dump energy is determined as shown below:

v
Calculate

B,, (t), B, (t) and check P (t)

1

No _ CalcuN
/
\(t)+ By (£) 2P,(1) /ﬁ
\ 4
Check battery SOC! /

By (1) <P,(D)

//

l Yes

Calculate battery power!
Py () = va ®) =[P, (®) —By(D]/ Tinv

/

Yesl
/ ’ffﬁ\ No ) )

v

A4
_» Check battery SOC!

Calculate battery power!
4 Py(t) = [Ry (©) — PL()] Trec + va(t)
Draw power battery power!

No / It
v ‘ |

Calculate battery power!

P,(t) = [P.(®) — R,(2)] S
v
Charge till SOC =S0Cpqx l Yes
Dump Load
OR
Sell Load

Figure 2. A schematic diagram presenting the operation strategy of the hybrid electrical system.
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3.3.2. Objective Function and Limitations

The primary objective of this proposed system is to
minimize the net present cost (NPC) while maximizing
energy production.

Three items need to be selected for a proper setup:

e The number of PV panels

e  The number of wind turbines

e  The number of batteries

The annualized system cost (ASC) method is used due to

its economic implications. This method was selected as the

most suitable, taking into account all important aspects
Minimized ASC = F (Ny,Cpy + NytCuina + NpareCoarr +

Pimi Cinv) (16)

Where: C,, is the cost of a PV panel per KW,C,;,; is the cost
of wind per KW, C,,,, is the cost of the battery (per unit),C,,,
is the cost of the inverter per KW,P,,, is the inverter's rating
power.

The ASC of the equipment being used consists of various
elements, such as capital and installation costs (Cp.),
replacement costs (C,.,,), operating costs (Cf), annual
maintenance costs (C,,), and salvage costs (Cy,;). Additionally,
the overall ASC of each piece of equipment can be calculated

as shown below:
Cov = Cpy 0+ Gy + CJ = Gt (17)

Cwind = Coiny + Coing + Covina — Categ (18)

wind wind
__ pacap arep m sal
Cpatt = Cbatt + Cbatt + Cpatr = Chart (19)
— [acap arep m _ rsal
Ciny = Cinv + Cinv + Cinv Cinv (20)

The calculated capacity recovery factor (CRF) is used to
determine the annual cost for each unit. CRF is a factor utilized
for calculating the present value of money, as shown below
[34].

i(1+)N
(1+i)N-1

CRF(i,N) =

(21)

The variables i and N represent the annual interest rate and the
lifespan for each unit, respectively.

The cost-effective layout of our hybrid system will guarantee
that the limitations of each renewable energy component are
met, as shown below:

1< N, <N& (22)
1< N, <N- (23)
1 < Nbatt < NI;Ztt (24)
SOCpin < SOC < SOCyy0x (25)

and constraints. The result with the smallest ASC is used
to calculate the total cost of the system, which includes the

following factors:

e Total capital cost, which includes installation and
civil work.

e  Operation and maintenance costs
e Replacement

The most important function, which needs to be
lowered. It's subject to limitations:

Where:N,,, is the highest number of PV panels,Ny, is the
highest number of wind turbines,N,,, is the largest quantity of

batteries.

ASC($ /annual)
Total useful energy (Kwh/year)

LCOE = (26)

The optimal configuration depends on the levelized cost of
energy (LCOE). The LCOE can be described as the mean
expense per kWh of the usable energy produced by the entire
system, as shown below [35].

3.3.3. ABC algorithm implementation steps

Input: PV radiation data, wind speed data, and equipment prices
as shown in Fig.3.

Output: (Npy , Nyye » Npaee)

1. Input the values of SOC,,4y , SOCpnin, » D, Food Number,
Limit, Max-cycle.

2. Input N3, Nt Npgee
3. Calculates P, (t) , P, (t) using Eq. (1) and Eq. (2).
4. Produce a random initial population as follows:

X = X0+ rand [0,1](X) X0 (27)
5. Input the trial counters equal to zero.

6

Determine the primary random. values of the generated
solution (Np,, , Nyt , Npgee)-

e Determine B,,(t), P, (t) using equations.

e Determine unit costs for the primary solution using
(17, 18, 19, and 20).

7. Estimate the objective function F using (16) for the primary
sources of food.

8. The following formula can be used to determine the fitness
value of the bees that are employed within the colony:

1

1+f;
1

1+abs(fi)

0<f;

fitness; (28)

fi <0
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Where f; is the solution's calculated cost value X,,,,

9. Cycle=1.

10. For the employed bees, produce an updated food task.
XV = Xy, + rand[—1,1]1(Xy — Xu) (29)

(D is a randomized value) & (w must not be equivalent to v).

11. Follow step 6 to calculate the objective function F using
(16).

12. Operate a greedy selection process.
13. Calculate a probability factor P; .

14. Produce new solutions (X;;¢") by applying (29) for the
onlookers’ bees using solutions selected according to the
probability factor P; .

15. Calculate the objective function F (16) for the updated
solution by going through step 6.

16. Operate a greedy selection process.

17. Examine if you have a missing answer for the scouts, (27)
enabling the scouts to create another food source.

18. Save the most suitable answer received.
19. (Cycle = Cycle + 1)

20. Till, (Cycle = Max-cycle)

4. Results

This chapter systematically demonstrates the design and
simulation process for a compact (PV-wind-battery storage)
hybrid energy system. Table 1 shows the electricity load
demand of a small home in Baghdad, Iraq. The scheme is
designed for households with a peak load of 360 kW. The
investigation of the data location shows an adequate supply of
solar and wind resources for almost the entire year. It was
discovered that the average annual wind velocity at that location
is 5.3 m/s, and the average daily solar radiation is 6.16 kWh.
Tables 1 and 2 contain data concerning both the economic and
technical aspects of our project's equipment. The experimental
data provided by the Iragi Ministry of Electricity (MOE) -
Center for Renewable Energy [36]. The project lifetime is up
to 20 years, and the interest rate is taken as (5%).

4.1. Results and Discussion

The data is simulated using MATLAB 2023a. The simulation
scale interval has been considered for (1 hour), and the data has
been executed for (1 year). Table 3 illustrates the control
variables of the ABC algorithm. Prior to executing the ABC
algorithm, the estimated numbers for the maximum quantity of
photovoltaic panels (N,), wind turbines (N,,;,q), and battery
storage (Np.), are determined with arbitrary assumptions of
500, 350, and 750, respectively. The size of the inverter is
calculated by calculating the peak load demand (360 KW) using
(11), which results in a value of (379KW) in our particular
scenario. In this optimized hybrid energy system, load-
following strategies are utilized instead of cycle charging.
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Figure 3. Simple flow chart for the ABC Algorithm.

Table 1. Estimated load demand for each house.

Type of Load for one home  Quantity  Power (KW)
Kitchen fan 1 0.13
Ceiling fan 4 0.5

Cooler 5 2.25

TV 2 0.2
Computer 1 0.2
Heater 6 3.23
Table fan 1 0.01
Vacuum cleaner 1 0.23
Lighting LED 10 0.05
Washing machine 1 0.4
No. of Houses 50 360
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Table 2. Technical and economic data for each unit.

Table 3. The ABC algorithm controls variables.

Unit Parameter Value Unit
Rated power ( B?)
Derating factor ( fioss) 1 KW
Capital cost (per kW) 87 %
Solar Replacement cost (per 650 $
PV KW) 650 $
maintenance cost (per 5 $lyear
KW) 20 year
Lifetime
Rated power (BY)
Rated wind speed (V,.4;) 1 KW
Hub height 10 m/s
Cut in velocity (V,;,) 40 m
Cut out velocity (Vo) 3 m/s
Wind Capital cost (per KW) 20 m/s
Turbine Replacement cost (per 900 $
KW) 900 $
maintenance cost (per 3 $lyear
KW) 27 %
Overall efficiency 20 year
Lifetime
Nominal capacity
Nominal voltage 350 Ah
Max charging current 5 \%
Round-trip efficiency 19 A
Minimum state of charge 90 %
Battery Maximum state of charge 30 %
Capital cost (per unit) 100 %
maintenance cost (per 55 $
unit) 1 $lyear
Lifetime 10 year
Rated power
Rectifier efficiency (t,¢c) 39709 @:}V
converer VIO () 55
P Lifetime 300 $lyear
20 year

The most effective approach is determined by the ASC and
LCEOQ, which indicate the algorithm's ability to target [37]. The
convergence curve for the ABC algorithm's outputs is shown in
Fig. 4. The results clearly demonstrate that the ABC algorithm
yields the lowest ASC and the minimum LCEQ. The results of
the ABC algorithm indicate (425 kW) of PV, (300 kW) of wind
turbines, and (737) batteries, with an ASC of (143,990 $/year),
resulting in an LCOE of (0.0729 $/kWh). In contrast, HOMER
results indicate LECO of (0.0816%/kWh).

Parameter Value
Dimension of the problem (D) 3
Employes bees = onlooker bees 12
Colony size (NP) 45
Food number 22
Maximum cycle 300
Limit 300

Interestingly, the results of ASC and other parameters generated
by the ABC algorithm are available after roughly 45 iterations
and an average time of less than 3 minutes. Table 4 summarizes
the key unit sizes for our proposed system.

%10° Convergence Curve

Best Cost

0 50 100 150 200 250 300
Iteration

Figure 4. ASC Value ($/year) after 7 iterations using the ABC
algorithm

Table 4. The ABC algorithm and HOMER generate the
optimal sizing values.

Unit HOMER ABC

PV Unit 436 425

Wind Unit 305 300

Battery Unit 698 737

Inverter KW 379 379
ASC ($/year) 145,853 143,990
LCEO ($/KWh) 0.0816 0,0729

Table 5 illustrates the annual cost investigation of the proposed
hybrid system. CRF is used to calculate the price of each unit.
The lifetimes of the PV modules, wind turbines, and inverters
are assumed to equal the project lifespan of 20 years; therefore,
no replacement is needed. The main piece of equipment that
requires replacement is the battery bank. The technical life of
the battery bank is 10 years. For that reason, the number of
battery bank changes during the project's life is two.

400



Journal of Engineering and Sustainable Development, Vol. 30. No. 03, May 2026 ISSN 2520-0917

Table 5. Analysis of the ASC generated by the ABC
algorithm for the hybrid system.

The hybrid system shows a proper amount of energy output
from solar (PV), wind, and batteries. The monthly energy

Uni Cacap Carep 3/ Total patterns over one year are shown in Fig. 5. It is evident that
nit $lyear $lyear year $lyear January, February, March, and August offer good wind and
PV 43,250 0 2125 45,375 solar resources, resulting in higher output power and battery
Wind 59,689 0 900 60,589 charging rates.
Battey 1646,6 3685 737 6068.6
Inverter 30,059 0 1895 31,954
Total 134644,6 3685 5657 143,990
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Figure 5. Monthly energy profile of the renewable hybrid system.

In accordance with (10), the maximum charging and
discharging power for one hour is (70) kW. Under certain
conditions, when the energy produced for battery charging
exceeds the charging rates, it may be either sold to the grid or
dumped. Similarly, if the discharge energy exceeds the
batteries' discharge rates, we can connect to the grid. Fig. 6
shows the annual charging and discharging rates of the
batteries. The SOC levels of the batteries have been carefully
set at a minimum of (30%) and a maximum of (100%). Fig. 7

shows that the batteries consistently maintain their SOC levels
within the predefined range. In the first week of February, at
hour 825, SOC reaches (100%), and it reaches a minimum limit
of (30%) at some times in the whole year. Most of the year, the
SOC of the batteries remains within an acceptable range, except
for a few periods: between September and October, when
renewable resources are insufficient, and the last week of June
and the last week of November, when load demand is high.
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Figure 6. Annual charge and discharge rates of the batteries.
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Figure 7. Annual SOC rate of the batteries.
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Figs. 8 and 9 show annual solar and wind energy profiles with
good availability throughout the year. The graphs reveal that
anytime there is an increase in electrical energy output, the
system's reliability can potentially be improved by utilizing
more charging power for the batteries, as shown in Fig. 10.

The annual sum of wind and solar energy production in Fig. 11
shows good results, as generation is significantly higher than

load demand most of the time, yielding the highest robustness
and reliability.

4.2. Hybrid System Reliability Investigation

In this academic research, we evaluate the unexpected
breakdown of a production unit contained within our hybrid
energy system to measure its reliability and efficiency. More
precisely, we evaluated the failure of both wind and solar
sources during the third week of September. This failure leads
to an imbalance between energy supply and demand in the
hybrid energy system. Fig. 12 shows the full energy profile for

the third week of September, with the optimal parameters
unchanged.
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Figure 12. Energy balance for the third week of September.

We notice from Fig. 12 on the hours (66-70) and hour (140)
that the SOCs of the battery banks are lower than the threshold
value (30%); in that case, we can connect to the grid. The total
ASC of the hybrid energy system increases from $143,990/year
to $144,140/year, resulting in a slightly higher LCOE.

5. Conclusions

This study provides a comprehensive evaluation of a hybrid
system that is composed of solar photovoltaic (PV) panels,

wind turbines, and batteries. The work involves energy system
optimization, economic analysis, and mathematical modeling
for each piece of equipment and the whole system using
MATLAB 2023a. The selection of components for our optimal
solution was performed using the ABC algorithm. The findings
were contrasted using the software tool HOMER. The

operational strategy for the algorithm and the hybrid energy
system is discussed in detail.

Additionally, the failure of a single unit is tested to demonstrate
the system's reliability across different scenarios. In conclusion,
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certain key steps must be prioritized to achieve a highly
efficient and reliable hybrid system. These steps comprise the
careful selection of appropriate renewable energy sources, the
implementation of effective energy storage, the utilization of
energy conditioning techniques, the proper sizing of units, and
the configuration of the hybrid system.

Future research can integrate machine learning techniques into
the optimization of renewable energy sources. Machine
learning can predict renewable energy generation patterns and
energy demand, which enhances system performance.
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Ny, Number of solar PV panels

Ny, Highest number of solar PV panels

Nye Number of wind turbines

Nyt The highest value of wind turbines

Pso1, Py, Output power from the solar PV

P? Rating power from the solar PV panel

P Wind output power

B Rated power of a single wind turbine

Py  Battery’s input/output power

P***  Upper capacity limit of battery storage

P Peak load demand

Pine Inverter output power

Paump Dump energy

V(1) Speed of the wind at a desirable height
V.n  Cut-in speed for a wind turbine

V.our  Furlong speed for a wind turbine

Vius Bus voltage

Vpaee  Single battery voltage

Vit Rated wind speed

Greek Letters

Y Friction coefficient of a wind turbine
Tpate  ROUNd-trip efficiency of the battery
Tiaee  The battery charging efficiency
1. The battery's discharging efficiency
Tiny Inverter efficiency

Trec Rectifier efficiency

Abbreviation

ABC  Artificial bee colony algorithm
AE Alternative energy

ASC  Annualized system cost

CRF  Capacity recovery factor

DOD  Depth of discharge

GA Genetic Algorithm

HRES Hybrid renewable energy system
LCEO Levelized cost of energy

NPC  Net percent cost

PV Photovoltaic array

PSO Particle swarm algorithm

SOC  State of charge
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List of Symbols

Cpy Cost of PV panel

Cyina  Cost of wind

Cinv Cost of the inverter

Cpate  Cost of battery

Cacap  Capital and installation cost

Carep  Replacement cost

Cf Operation cost

(0 Annual maintenance cost

Coar Salvage costs

C,(Ah) Single battery capacity

D Dimension of the problem

F Objective function

fi The fitness number of the bee colony
floss The losing factor of the solar PV panels
Gpey  Solar PV hourly- radiation incident
G, The standard incident of radiation of the PV panel
Hyr Hub height of the wind turbine

H, Reference height for a wind turbine

I max ~ Max battery current

i Annual interest rate

N lifetime of each unit

Npare  Number of batteries

Ng..c  Number of series-connected batteries
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