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Optimizing Grid-Dependent Hybrid Renewable Energy System with the
African Vultures Optimization Algorithm

Montaser Abdelsattar’ ", Abdelgayed Mesalam? Abdelrahman Fawzi®, and 1. Hamdan*

Abstract Countries aiming to achieve their sustainable
development goals recognize the significance of adopting
hybrid power systems to ensure access to clean,
dependable, and cost-effective energy. In this study, an
african wvultures optimization algorithm (AVOA) is
introduced for the efficient design of a grid-tied hybrid
renewable energy (HRE) system that incorporates wind
turbines, photovoltaic (PV) panels, and energy storage
through batteries. The system is meticulously designed to
ensure the provision of clean, dependable, and
cost-effective energy through the utilization of HRE
systems. Because of the complex and non-linearity of the
sizing problem, AVOA, being an efficient metaheuristic
approach, presents a promising solution. An empirical case
study is presented, focusing on an HRE system introduced
in the Zafarana region of Egypt. This case study serves as
an evaluation of the effectiveness of the proposed
optimizer. This study will provide valuable insights for
decision-makers in Egypt, offering a practical solution to
enhance the integration of intermittent renewable systems
and ensure a continuous and reliable energy supply. The
results achieved through AVOA are compared with those
obtained using the particle swarm optimization (PSO)
algorithm for evaluation. Simulation results validate the
superior of the AVOA over the PSO, showing its potential
to deliver promising results.

Keywords: Hybrid renewable energy system; Cost of

energy; Carbon emissions; Loss of power supply
probability; African vultures optimization algorithm.

1 Introduction

In recent times, fossil fuels have been the primary
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energy source in many regions globally. Nonetheless,
these fossil fuels can be depleted and often have
detrimental environmental effects during their conversion
into usable energy forms [1], [2]. Considering the
disadvantages associated with the use of fossil fuels for
energy purposes, there is an immediate requirement to
identify cost-effective, dependable, and environmentally
friendly alternative energy sources. Renewable systems
like photovoltaics (PV), wind turbines (WTs), and
hydropower represent highly appealing options for clean
energy generation, particularly in small-scale and remote
regions [3], [4].

Due to the natural fluctuations of solar and wind
energy sources, relying solely on one energy source often
necessitates a large and expensive generation and storage
system. To mitigate this, hybrid solar-wind systems are
commonly employed, combining the benefits of both
technologies to deliver a more dependable and
cost-effective power supply, particularly in remote regions
[5]. Energy storage technologies, including batteries,
supercapacitors, fuel cells, molten salt, flywheels,
compressed air, and hydroelectric pumped storage, offer
viable solutions to address the intermittency of renewable
systems.

Designing economically and reliably efficient hybrid
renewable energy (HRE) systems poses challenges due to
the intermittency of sources like solar radiation and wind
speed. The primary objective is to achieve an optimal and
dependable power supply configuration while managing
component costs effectively [6]. In the literature,
numerous research articles are presenting various
techniques and algorithms for an optimum size of HRE
systems [7]-[12].

Three optimization techniques, hamely cuckoo search
(CS), genetic algorithms, and particle swarm optimization
(PSO), were employed in Ref. [13] to determine the
optimal setup of a standalone HRE system incorporating
PV, WT, battery, and diesel. The outcomes revealed that
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CS outperformed other methods in terms of both accuracy
and the time needed to obtain the optimal sizing. In Ref.
[14], PSO has been applied to obtain a minimum total
investment cost at the lowest loss of load probability of a
grid-tied HRE system containing PV and WT. PSO was
applied in Ref. [15] to optimize the design of an
independent HRE system comprising PV, WT, and diesel
with energy storage. The simulation outcomes confirmed
PSO's potential as an optimization method, as it
consistently reached the global optimum. In Ref. [16], a
new proposed program was created to manage the sizing
and optimization of HRE system, encompassing PV, WT,
battery, and diesel, while segregating the load into high
and low-priority categories. The simulation results
validated that this load segmentation strategy decreased
system size and enhanced system reliability.

The primary contribution of this research article can be

summarized as:

e The African wvultures optimization algorithm
(AVOA) has been used to optimize the size of a
grid-connected HRE system and compare its results
with those obtained using PSO.

e Arreal case study was chosen in Egypt to validate
the proposed optimization approach.

e Three terms make up the objective function: cost of
energy (COE), carbon emissions, and loss of power
supply probability (LPSP).

The paper is structured as follows: In Section 2, a
brief overview of the construction of the proposed HRE
system is provided. Section 3 illustrates the operational
strategy. Section 4 covers the problem statement of
optimization and introduces AVOA. Section 5 presents a
summary of simulation results and discussions. Lastly, in
Section 6, the conclusion is presented.

2 Overview of the
Construction

Proposed HRE System's

The proposed system consists of five primary
components, alongside the AC and DC buses. These
components encompass WTs, PV panels, batteries,
converters, and an external grid. Figure 1 depicts a
simplified single-line diagram of the suggested grid-tied
HRE system.
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Fig. 1. Single line diagram of the grid-tied proposed HRE
system.

Battery system

2.1 PV panels

The output power (Ppy5(t)) produced by a PV system
(PVS) can be described using the following equations,
taking into account the irradiance (r(t)) and the ambient
temperature (Tymp (1)) [17].

®
Ppys(t) = Npy panets X Prpv X ;ﬁ X (1 —or(Teen(t) —
Thom)) 1
Teeu(t) = Tamp(t) +0.034 X 7(2) )

Whel’e, the variables nPV,Panels y PR,PV’ Tnom »
Trom: @and a7 correspond to the following: the number
of PV panels, the rated power of each PV panel, the
intensity of solar radiation, the cell temperature under
standard conditions, and the temperature coefficient of
power of the chosen PV panel, respectively.

2.2 Wind turbines

Considering the fundamental principles of wind
energy, the anticipated energy produced by a wind
turbine (Pyr(t)) can be expressed in the following
manner [18]:

Pyr(t) =
w2(t)-w?;
!nWTs “Prwr '7W}22_Wz‘m: we; < w(t) < wg
Cl
Nyrs * Prwr wr < w(t) <w,
0, w(t) <w.; and w(t) > w,,

©)

Where, Nywrs, PR,WT’ W(t), Wg, W¢i, and Weo
correspond to the following: the number of WTs, each
WT’s rated power, wind speed at time t, WT’s rated
wind speed, cut-in, and cut-off wind speed, respectively.



Optimizing Grid-Dependent Hybrid Renewable Energy System with the African Vultures Optimization Algorithm 91

2.3 Batteries

The energy storage system is essential in maintaining
a consistent power supply to the desired load due to the
unpredictable nature of wind speed and solar radiation. It
helps to store excess energy during periods of high
generation and release it during times of low generation,
ensuring a continuous flow of power. The state of charge
(SOC) of batteries can be determined by continuously
monitoring the energy being charged into and discharged
from the battery banks. The calculation for the battery
SOC at any given time is as follows [19]:

S0C(t) =
SO~ 1001~y +[rs@ + 27000 o,
(charging periods) @

S0C(t) = SOC(t — 1)(1 — ) — [PLO=2wrO

Nconv

vas(t)] “Np (discharging periods) (5)

where, SOC(t) and SOC(t — 1) are batteries” SOC
at time t and t — 1, respectively, P,(t) is load demand
for energy, up denotes self-discharge rate, .ony IS
converter efficiency. In addition n, and 7, signify the
charging and discharging efficiencies of the battery,
respectively.

2.4 External grid

In situations where the batteries are unable to meet the
load demand, the external grid serves as a backup,
supplying the required electricity ( Ppesicie(t) ). The
calculation for the purchased power from the grid (P;p(t))
is determined by Eq. (6). Conversely, during times of
excess electricity and when the batteries are completely
charged, any excess energy (Psy,pus(t)) is fed back into
the utility grid, and the calculation for the sold power to
the grid (Pg(t)) is described in Eq. (7) [20].

Po(t) = {Ppeﬁcu(t), Ppeficie(t) < Pgp(Max) ©
o Pep(Max), else
P.o(t) = {Psurplus(t)' PSurplus(t) < Pgs(Max) ™
o Pgs(Max), else
where, Pgp(Max) and Pgs(Max) denote the

maximum amount of power that can be obtained from the
grid and the maximum amount of excess energy that can
be supplied back to the grid, respectively.

2.5 Converter
The inverter plays a crucial role in the system by

converting the direct current (DC) power generated by the
PVS and batteries into alternating current (AC) power to

meet the load demand. Any excess power is then supplied
to the grid. Additionally, during periods of high generation,
the inverter is responsible for converting the AC power
generated by WTs into DC power to recharge the batteries.
The rated power of the converter (Pg cony,(t)) has been
chosen based on the peak load (P,peq) Using the
following formula [21].

PR,conv (t) = PL,peak -SF (8)

where, SF represents the safety factor, and it is
recommended to have a converter's rated power that is 25%
to 30% higher than the peak load.

3 Operation Strategy

The functioning of the suggested HRE system is
outlined in the subsequent operational scenarios.

If the power generated from renewable systems is
equal to the power required by the load, then the entire
renewable power generated is supplied to the load. This
scenario ensures maximum utilization of renewable energy
and minimizes the need for backup power sources or
reliance on non-renewable energy.

If the generation exceeds the load requirements, the
surplus power is directed towards charging the batteries. If
there is still excess energy beyond the battery capacity, it
is fed into the electric grid. Any remaining surplus energy
over P;g(Max) is utilized by a dump load.

During periods of low generation, the batteries are
utilized to meet the deficit in load demand. If the required
power to cover the load exceeds the energy stored in the
batteries, the electric grid provides the additional power
needed to bridge the deficit. Any remaining deficit energy
beyond the P;p(Max) is used in the calculation of LPSP.

A flowchart depicting the operation of the proposed
HRE system can be observed in Fig. 2.

4 Optimization Problem
4.1 Cost of energy

The HRE system's cost of energy (COE), in ($/kWh),
is determined by the following formula:

COE = —<AT__ )

= 58760
Z[:l PL(t)

The total yearly cost of the HRE system (C,r) is
computed by summing the individual costs of all system.

Car = Cap+ Cur + Caosm + Cagr — Cags (10)
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Fig. 2. Flowchart of strategies for power management.
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where, Cy;, Car, Caosm Cagp, and Cugs
denote the yearly costs of initial replacement,
maintenance, purchased from the grid, and sold to the
grid. Respectively. The yearly interest on the initial cost
of each system component i, is calculated as follows
[22]:
Cic = C&- CRF(r,m;) (11)

where i represents each component in HRE system,
containing PVS, WTs, batteries, and the bi-directional
converter. CRF, r,and m; denote the capital recovery
factor, rate of interest, and lifespan of each component,
respectively.

The annual costs of purchased electricity from the
grid and sold electricity to the grid can be computed by
Egs. (12), and (13) [23].

Cacr = Cp XE23° Psp(t) (12)
Cags = Cs X325° Pes(t) (13)

In this context, the cost of purchasing one kWh of
electricity from the electric grid is denoted as Cp, with
a specific value of $0.08/kwWh. On the other hand, the
cost of supplying one kWh of electricity to the utility
grid is represented as Cs, with a value of $0.2/kWh
[24].

The net present cost (NPC) of the HRE system is
computed as follow [25]:

_ _Car
NPC = —CRF(r,mp) (14)
_ r(1+1r)™P
CRF(r,my) = TS (15)

where, m, represents the lifespan of the entire HRE
system as an economic project.

4.2 Loss of power supply probability

In the case of a grid-tied HRE system, penalties are
incurred if the LPSP surpasses predetermined limits. In
this study, LPSP is constrained not to exceed a predefined
value (LPSPyq4, = 0.05), and its calculation follows the
formula below [26]:

0, Ppeficic(t) < Pip™
LPSP = Z?Z?O[Ppeficit(t)—l’%ax] I (16)
Weopo 0 OS¢

4.3 Carbon emissions

The carbon emissions from an external grid (CEg,i4)
are associated with the amount of purchased electricity
from the utility grid, and this relationship can be

represented as follows [27]:

CEgrig = %223 Pep(t) - EFgrig (7

where EFg,.;; denotes the emission factor of the
external grid, which is set to 0.632 kg/kWh [28].

4.4 Objective function

In this study, the objective function for the
optimization algorithm is introduced, aiming to minimize
the COE, LPSP, and CEg,;4. This objective function can
be defined as follows:

min OF = min(A, - COE + A, - CEgpiq + A5 - LPSP)  (18)
The AVOA optimizer has been employed to determine

the optimal design of the suggested HRE system while
adhering to the following constraints:

LPSP < 0.05 (19)
Pgp(t) < Pgp(Max) (20)
Pgs(t) < Pgs(Max) (21)

4.5 African vultures optimization algorithm

The AVOA, a novel nature-inspired metaheuristic
algorithm, was introduced in 2021 [29]. This algorithm
was created by simulating the natural behaviors and
foraging habits of African vultures. African vultures can
be categorized into three groups based on their unique
physical traits. The first group comprises vultures that are
physically stronger and have a higher likelihood of
obtaining food compared to other vultures. The second
group of vultures is characterized by physical weakness
compared to the first group, while the third group consists
of vultures with even lower physical strength than those in
the first two groups. When searching for food, vultures
tend to gather around the group that has found a food
source, potentially leading to multiple vulture species
competing for the same food. Less dominant vultures form
circles around stronger ones and consume food by
exhausting them, while starving vultures may exhibit
increased aggression. The mathematical formulas
employed for the AVOA in this research article correspond
to those outlined in the work of [29].

5 Results and Discussion

To assess the benefits of the suggested optimizer, an
actual case study was conducted to size an HRE system.
The chosen case study took place in Zafarana, Egypt.
Zafarana, situated at latitude 29.115 and longitude 32.658,
is a coastal region in Egypt positioned on the western
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shores of the Red Sea. It is approximately 200 kilometers
southeast of Cairo. Zafarana benefits from abundant
sunshine for the majority of the year, and the average wind
speed remains at 8 m/s throughout the year. The monthly
data for wind speeds and horizontal solar radiation
throughout the year in the Zafarana site were obtained
from the NASA website as shown in Fig. 3 [30]. Figure 4
displays the average monthly load curve for the region
being studied. The technical specifications and costs of the
components for the HRE system are provided in Table 1
[31].

Table 1. Input data [31].

Component Parameter Value Unit
Model PV — MLT260HC
Prpy 260 W
Trom 25 °C
or 0.004 1/°C
PVS Toom 1000 W/m2
Initial cost 112 $/unit
Maintenance 1%
cost
Lifespan 25 Years
Model Fuhrlander FL 30
Prwr 30 kw
Wg 12 $lunit
W 25 $lunit
WT Weo 25 $/unit
Initial cost 58,564.79 $/unit
Maintenance 3%
cost
Lifespan 20 Years
Model RS lead acid battery
Size 12V(50Ah)
Us 0.002
N 90%
Battery M 85%
Initial cost 146.5 $/unit
Maintenance 3%
cost
Lifespan 10 Years
nconv 95%
Converter Initial cost 711 $IkW
Lifespan 10
Others m, 25 Years
r 6%

The MATLAB software was employed to achieve the
results, with a maximum of 100 iterations and a maximum
of 30 search agents being utilized for both optimizers to
ensure a fair comparison between AVOA and PSO.

4 mowe
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Fig. 3. Weather data of Zafarana.
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Fig. 4. The average monthly load demand.

The optimizer proposed in this study incorporates
multiple objectives aimed at minimizing costs, enhancing
reliability, and reducing CO, emissions from the HRE
system. This optimization is performed using hourly
available data. In this work, the design of the proposed
HRE system is determined by the respective numbers of
PV panels, wind turbines, and batteries. The convergence
curves of the AVOA and PSO, spanning 100 iterations, is
depicted in Fig. 5. Table 2 displays the optimal sizing
outcomes of AVOA and PSO for the HRE system
consisting of PV panels, WTs, and batteries, which are
connected to the grid. The results show that the AVOA
optimization approach can capable to reach the minimum
best optimal value of the objective function. Based on the
AVOA optimizer results, the recommended configuration
to achieve the lowest COE of 0.0901 $/kWh at the
specified site includes 2000 PV units, 20 WTs, and 192
batteries.
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Table 2. Optimization outcomes of the proposed HRE system.

Characteristics AVOA PSO

Best objective function 0.0709 0.070926
Npy panels 2000 1923
Nyrs 20 20

No. of batteries 192 202
Purchased from grid(kWh/year) 551,548 556,372.9
Sold to grid (KWh/year) 687,686.5 654,154.7
COE ($/kWh) 0.0901 0.0929
NPC ($) 2,639,493 2,720,644
LPSP 2.7722*10™  0.001
CO; emissions (kg/year) 348,578 351,628

Objective space

0.078 AVOA | ]
PSO

0.077

s
b 0.07097
% 0.076
B 0.07096
£
s 0.075 b
_.; 0.07095
g 0.074 0.07094 N
§ 0.07093
%
3 [ ]
m 0.073 0.07092
0.072 0.07091

10 20 30 40 50 60 70 80 90 104

0.071 &

10 20 30 40 50 60 70 80 90 100
Iterations

Fig. 5. Convergence curves of AVOA and PSO.

This outcome corresponds to an NPC of 2.6395
million $ and guarantees a LPSP value of 2.7722e-11,
which matches the specified value (<0.05). Furthermore,

Energy production

18%
35%

47%

EPVS ®WTs mPurchased from grid

the estimated yearly carbon emissions amount to 348,578
kg. According to the data presented in Fig. 6, the energy
production breakdown is 47% from WTs, 35% from PVS,
and the remaining 18% is obtained through purchasing
from the electric grid. On the other hand, 77% of the total
energy consumption is utilized to meet load demand,
while the remaining 23% is sold back to the grid.

Figure 7 illustrates the change in power produced
each hour for the different components of the HRE system
at the optimal solution. Figure 8 displays the simulation
results for a specific day (24 h), showcasing the
performance of the HRE based on the optimal sizing
obtained from the AVOA algorithm. Considering the
sizing constraints, it is challenging to meet the
optimization requirements while maintaining zero power
exchange with the utility grid. The figure clearly illustrates
that there is a significant amount of time where electricity
flows to and from the grid in order to meet the load
demand. During the hours when renewable systems
produce a high amount of electricity, the surplus power is
primarily utilized to recharge the batteries. Any remaining
excess energy is then sold to the external grid. During
periods when the generation from the HRE system
decreases, the first priority is to meet the load demand by
utilizing the energy stored in the batteries. If there is still a
deficit, the remaining energy needed is obtained from the
grid through purchasing.

Energy consumption

23%

7%

m [ oad mSoldtogrid

Fig. 6. An overview of AVOA results for annual energy production and consumption percentages.
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Fig. 8. Simulation results with AVOA for one day of operation.
successfully achieved the best value for the objective
6 Conclusion

In this study, the AVOA is implemented in MATLAB
to achieve the optimal design of a grid-dependent HRE
system in Zafarana, Egypt. The primary objective of this
research is to meet the load demand of the specified
location while minimizing COE, ensuring the lowest level
of LPSP, and minimizing CO, emissions. A comparative
analysis between AVOA and PSO is provided, showing
AVOA's superior operational efficiency, particularly in
terms of COE and convergence speed. The optimization
outcomes demonstrate that the AVOA optimizer has

function, which corresponds to a minimum COE of 0.0901
$/kWh. The optimization results yield an NPC of 2.6395
million dollars and an LPSP value of 2.7722e-11, meeting
the specified requirement of being less than 0.05.
Additionally, the annual carbon emissions are estimated to
be 348,578 kg. Future works could explore the
incorporation of additional renewable energy sources and
diverse energy storage technologies. Also, applying
different types of demand response programs to enhance
system reliability without necessitating an increase in the
size of HRE system and, consequently, increase system
cost.
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