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Abstract: Electric distribution systems face many issues, such as power outages, high power losses,
voltage sags, and low voltage stability, which are caused by the intermittent nature of renewable
power generation and the large changes in load demand. To deal with these issues, a distribution
system has been designed using both short- and long-term energy storage systems such as super-
conducting magnetic energy storage (SMES) and pumped-hydro energy storage (PHES). The aim
of this paper is to propose a metaheuristic-based optimization method to find the optimal size of a
hybrid solar PV-biogas generator with SMES-PHES in the distribution system and conduct a financial
analysis. This method is based on an efficient algorithm called the “enhanced whale optimization”
algorithm (EWOA), along with the proposed objective functions and constraints of the system. The
EWOA is employed to reduce the hybrid system’s life cycle cost (LCC) and improve its reliability,
both of which serve as performance indicators for the distribution system. The proposed method for
sizing a grid-connected hybrid solar PV-biogas generator with SMES-PHES is compared with other
metaheuristic optimization techniques, including the African vulture optimization algorithm (AVOA),
grey wolf optimization algorithm (GWO), and water cycle algorithm (WCA). The numerical results
of the EWOA show that the combination of a hybrid solar PV-biogas generator with SMES-PHES can
successfully reduce the LCC and increase reliability, making the distribution system work better.

Keywords: distribution system; biogas generator; EWOA; solar PV; SMES; PHES; hybrid system

1. Introduction
1.1. Motivation and Incitement

Renewable energy sources (RES), such as photovoltaic (PV), wind, and hydropower
systems, have started to replace traditional synchronous power generators as they are more
efficient [1–4]. Traditional generators use fossil fuels and produce more greenhouse gas
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emissions, which have caused global warming and other problems [5]. On the one hand,
RES do not use fossil fuels so they can provide clean energy without releasing greenhouse
gases [6–8]. For this reason, most countries in the world are now trying to meet their
growing electricity needs with renewable energy sources (RES) such as solar, wind, hydro,
and biogas while making the switch to a power sector with lower carbon emissions. On
the other hand, as renewable energy sources (RES) such as solar panels and wind turbines
become a part of the national power grid, the way it operates has undergone significant
changes [9–11]. Moreover, the outputs of renewable energy sources vary, making it difficult
to rely on the entire system [12]. The intermittent nature of clean energy sources makes it
difficult to provide consumers with a consistent and uninterrupted supply of electricity
and puts grid operations at risk from a variety of operational and technical challenges [13].

1.2. Literature Review

An energy storage system (ESS) with RES integration can reduce RES fluctuations by
improving power quality and frequency and providing other ancillary services [14,15]. In
ESS structures, electrical energy is stored in a number of different ways [16–18]. Numerous
electrical energy storage systems have been categorized, along with their energy conver-
sion methodologies and efficiencies [19]. For hybrid renewable energy system (HRES)
applications, a variety of energy storage technologies can be used. Among them, flywheel
energy storage (FWES), supercapacitor energy storage (SCES), superconducting magnetic
energy storage (SMES), and pumped-hydro energy storage (PHES) have been proven to
support large-scale ESS functions with the integration of HRES [20]. The deployment of
hydro energy systems (HES) is one of the most significant and successful approaches for
guaranteeing stable power networks [21]. This energy storage method is desirable as it
is less expensive, easier to use and deploy, and has the lowest installation cost. Besides
this, due to its reliance on precise heat transfer and ambient conditions, the development of
compressed-air energy storage (CAES) is extremely challenging [22]. Electromechanical
energy storage such as FWES consists of a back-to-back converter, an electrical machine,
a large disc, and a DC-bus capacitor [23]. The mechanical components of this type of
storage system can limit its effectiveness and stability. In [24], the authors proposed a
superconducting thrust-bearing system for FWES with limited loss and maintenance costs
to solve a number of problems with flywheels.

Supercapacitors (SCs) are electrostatic storage devices with a high degree of recycla-
bility and a high power density [25]. One of the few systems capable of storing direct
electric energy is SMES. An SMES system consists of a cooling system, superconducting coil,
electrical system, and control system for process optimization and current adaptation [26].
Two key attributes of energy storage devices are power density and energy density.

Many studies present and compare the power and energy densities of storage systems.
Because of their slow dynamic response, battery energy storage (BES) and fuel cells (FCs),
both ESS technologies with high energy densities, cause power control issues. In contrast,
large power demands can be met by SCs and FWES, but this can reduce the storage
system’s lifespan [27]. None of the current storage technologies can simultaneously meet
the power and energy density requirements. As a result of the limited storage technology,
it is often necessary to improve the performance of hybrid energy storage system (HESS)
in both “transient and steady-state” operations [28,29]. For the safest and most effective
performance of a hybrid system, the appropriate technologies should be integrated with
the necessary control mechanisms. In a grid-connected or standalone hybrid system, the
entire design of a HESS is affected by factors such as the choice of storage technology
and rated capacity, power converter topology, energy management, and control approach.
Careful consideration must be given to these factors. Numerous review articles have
been published on HESSs. Most recent review studies have focused on HESSs in electric
cars [30–32], whereas others have concentrated on HESSs in renewable energy [33,34].
The majority of research publications investigate converter topologies, control techniques,
and applications.
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Depending on the purpose of hybridization, a HESS can consist of more than one
energy storage system. A HESS comprises two main parts: high-power and high-energy
storage systems. The high-power storage system handles or provides transient and peak
power, whereas the high-energy storage system meets long-term energy needs [28,35,36].
A HESS offers several advantages when integrated into HRES, including an increase in
overall system efficiency, a reduction in system expenses, and an extension of the ESS’s
service life [37]. For this reason, there are different types of energy storage technologies
with different features. This makes it possible to combine different types of energy storage
technologies in various ways. The combination of several storage systems can be employed
for diverse purposes. RES applications frequently utilize HESS combinations such as
BES/SC [38], BES/SMES [39,40], BES/FC [41], FC/SC [41,42], and FWES/FC [28,43]. The
best HESS combinations depend on a number of factors such as the available storage space,
storage costs, storage location, and specific hybridization goals.

Based on various researchers’ findings in the aforementioned reviews, possible hybrid
energy storage arrangements combining high-energy (long-lasting) and high-power storage
(fast-response) devices have been considered [44,45]. Storage devices that provide high
energy (long-lasting) include BES, CAES, FC, and PHES, and storage devices that provide
high power (fast-response) include BES, SC, FES, and SMES [46]. There have been problems
integrating single energy storage systems with hybrid renewable energy sources. For
example, voltage and frequency fluctuations have been hard to stabilize. As technology
changes, HESSs have also changed to include technologies, such as energy arbitrage,
peak shaving, time shifting, and voltage support, to help them run more efficiently [42].
Adopting a comprehensive energy storage policy to balance the grid, reduce costs, and
improve reliability would be significant for both renewable and traditional network systems.
Other factors to consider in HESSs include how they charge and discharge (reaction time),
as well as their capacity, efficiency, energy and power density, life span, and level of
corrosiveness [47–49].

A review of the related literature on the application and selection of HESSs revealed a
number of intriguing HESS applications, including a supercapacitor/battery HESS [50–53]
and an SMES/battery HESS [54–56] in a hybrid solar PV–wind power plant system. HESSs
have been used in most studies to reduce the fluctuation of wind speed and solar radiation
output power [57,58]. An ESS can be incorporated to mitigate some of the issues caused
by fluctuating power generation sources such as solar and wind energy. Since a HESS
combines both low- and high-speed responses, it can achieve greater smoothing than a
single ESS, given that wind power is comprised of several frequency components with
varying amplitudes. In the reviewed literature, a similar HESS (including BES and an
SC) was recommended for managing wind-energy variations in power supplies in remote
regions [59]. The output regimes of solar PV and wind farms can be stabilized more
effectively and efficiently by integrating sufficient sizes of hybrid fast-response and long-
lasting energy storage devices. To reduce wind power variations and meet grid demands, a
genetically adjusted fuzzy logic controller has been used [60]. SMES and an electrolyzer
have been used to properly correct output changes in a solar and wind power plant [61].

There are two types of HESSs: standalone and grid-connected. Both grid-connected
BES/SMES HESSs at the municipal, district, or regional level [62] and standalone energy
supply systems based on BES/SMES for renewable energy [63] are examples of HESS
applications. Many HESS applications depend heavily on batteries, especially lithium-ion
batteries, which can be utilized as either “high-energy” or “high-power” storage system.
SCES and FWES have even greater power densities, efficiencies, and cycle lifetimes than
batteries. Redox-flow batteries are a promising technology due to their inherent decoupling
of power and stored energy, extended cycle lifespan, and recycling potential. Methane
(CH4) and renewable hydrogen (H2) are both excellent candidates for long-lasting energy
storage. The short lifespan of electrochemical energy storage such as batteries and FC is one
of its drawbacks. Battery longevity is increased and deterioration is prevented by avoiding
frequent cyclic charging and draining [64,65].
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By lowering the number of battery-related charge and discharge operations, smoothing
the battery power profile, and eliminating supply fluctuations, it is possible to extend the
battery lifespan in HESS structures [66,67]. A power management system that utilizes
both lithium batteries and an SC can extend the life of a BES, with the SC fulfilling the
high-frequency requirement [68]. A control mechanism was presented in [69] that can
contribute to the instantaneous power between the BES and SMES. Instead of directly
supplying the power fluctuations, the battery discharges and charges in accordance with
the SMES current in the system. Future HESS applications will place more emphasis on heat
storage and power-to-heat concepts. Through power-to-gas conversion and the storage
of excess heat from renewable energy sources, the overall utilization rate of renewable
energy will increase. Additionally, renewable energy systems can be cheaper, more efficient,
and last longer if the design, control, and energy management techniques for HESSs
at the intersection of the electricity, heat, and gas sectors are improved. Furthermore,
ESS hybridization can lessen the possibility of environmental problems while enhancing
operation and maintenance [70–72].

The HESS performance indicators listed above have been used to compare the tech-
nologies of energy and power storage devices for pulse applications.

Globally, energy storage devices are employed extensively. Among the most popular
systems on the market are battery energy storage systems(BESSs), which utilize electro-
chemical processes to provide a steady electron flow in parallel or series-connected cells
and store electrical energy in chemical form [73,74]. Due to their high energy density
storage, convenient voltage characteristics, and small size, this technology is ideal for
micro-renewable energy systems. However, BESSs are limited in terms of voltage and
current, can harm the environment when chemicals are discarded after use, and have short
life cycles.

Another popular technique is compressed-air energy storage (CAES), which uses
compressed air to power gas turbines while storing energy as potential energy [75]. Even
though this technology can produce a lot of power, it has to be installed in a particular way,
has heavy start-up costs, and is expensive to run and maintain [76,77]. The third technique
is FWES, which stores energy in the momentum of a rotating wheel. FWES features a
very high-output power density and an extended life cycle. However, its energy density
is poor, and its standby losses are considerable [44]. Previous research has shown that
the above energy storage devices have a number of problems, such as a short life cycle,
limited voltage and current, low energy, and poor conversion of electric energy, which
can slow them down. On the other hand, SMES is mostly considered as a replacement for
electricity storage and to improve the power system’s transient stability, dynamic stability,
and frequency management [78]. SMES uses a magnetic field that is created by a current
flowing through a superconducting coil or inductor to store energy [79–81]. Other energy
storage systems convert electrical energy into either chemical or mechanical energy, which
is much slower than the pure electrical energy conversion of SMES. Additionally, the coil
can be charged and discharged an infinite number of times [82].

A general assessment of the research indicates that SMES is anticipated to gain popu-
larity and be used in a wide range of power applications for a speedy response [83]. When
selecting one of the ESSs, it is crucial to keep in mind the service life, efficiency, and timely
response in order to meet the primary goal of the SMES unit. SMES and SCES have the
longest service life (around 30 years), followed by lithium-ion and sodium-sulfur batteries
(around 16 years), lead-acid batteries (around 10 years), and vanadium redox batteries
(around 10 years). The SMES unit is the most efficient (about 98%), followed by lithium-ion
batteries (about 90%), lead-acid batteries (about 85%), supercapacitors (about 84%), and
sodium-sulfur and vanadium redox batteries (about 80%). Typically, these ESSs respond
within a few milliseconds [84–87]. Based on these advantages, the SMES is selected as
a fast-response ESS. In addition, PHES is currently the most popular type of long-term
ES technology. This type of energy storage works 70–80% of the time, and the system’s
capacity is not affected by changes in water flow during the different seasons [88–92]. PHES
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offers low installation costs, long lifespans, and low self-discharging rates [46]. When
the amount of energy generated exceeds the load requirement, PHES power plants work
differently than conventional hydropower plants by pushing water from the lower reservoir
to the higher tank. During peak demand periods when the cost of energy is highest, the
stored water is released back into the lower reservoir to power the hydraulic turbine and
generator set.

1.3. Contribution and Organization of this Paper

Based on the rapid response of SMES and the long-lasting energy of PHES, these en-
ergy storage systems have been selected. Thus, implementing the cost-effective, long-term
advanced technology of ESSs in grid-connected HRES applications can improve energy
efficiency and stability. Selecting a suitable type and size of storage is the most crucial con-
cern in HESS applications. Different approaches have been proposed for sizing the storage
capacity. Although some methods are designed to size all types of storage regardless of
technology, others can be used to estimate the HESS’s capacity of a specific technology.
The total cost and system reliability should be taken into account when sizing HESSs [93].
Depending on the HESS application’s goal, several HESS sizing techniques can be used. Re-
cently, researchers have used heuristic and metaheuristic optimization techniques because
of the sizing problem’s nonlinear objective function. It has been suggested that a modified
version of the simulated annealing particle swarm optimization method can be used to
solve the HESS optimization problem and determine the lowest price [94]. According to
the findings, adding a HESS to a hybrid renewable power generation system can lower
the overall system cost and significantly extend battery life. In this study, hybrid solar
PV–biogas systems with SMES-PHES have been taken into consideration. To determine
the optimal system size, the enhanced whale optimization algorithm (EWOA) and other
metaheuristic optimization methods have been employed for comparisons. This paper’s
major contributions are as follows:

3 For grid-connected hybrid solar PV–biogas systems, the optimal size is determined
by considerating economic and reliability parameters.

3 A customized EWOA is introduced for determining the optimal sizing of grid-
connected hybrid solar PV–biogas power plants.

3 A comprehensive examination is conducted of grid-connected hybrid solar PV–biogas
applications, investigating the issue from a variety of perspectives, including the HESS’s
size, rapid responses (i.e., SMES), and long-lasting (i.e., PHES) energy characteristics.

3 Comparisons between the EWOA and other metaheuristic optimization techniques
for sizing energy sources and storage capacities, which consider the cost as well as
reliability parameters, are carried out.

3 The hybrid system’s distinct instabilities can be reduced, and the load power de-
mand can be leveled with the integration of PHES and SMES, both of which provide
straightforward deployment and high effectiveness against weather variations and
the inclusion or outage of RES.

3 The potential and requirements for implementing grid-connected hybrid solar PV/biogas
with SMES-PHES, which are also interconnected hybrid renewable energy with hybrid
energy storage, are highlighted in the Debre Markos distribution network.

The present work is structured as follows. Section 2 describes the methodology,
whereas Section 3 provides a description of the proposed system layout, mathematical
modeling of the HRES system components, and proposed operational strategies of HRES.
Furthermore, Sections 4 and 5 describe the different types of evaluation parameters and
optimization techniques, respectively. Finally, Section 6 presents the results and discussion,
and Section 7 presents the conclusions.

2. Methodology

The proposed system integrates a fast-response SMES system into a grid-connected
hybrid solar and biogas power system, combined with a PHES system. It is used to conduct
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a preliminary analysis of a village’s energy needs, the area’s current and future renewable
energy efforts, and an energy infrastructure that is easily accessible. The optimal size
for each power generation method is established, considering the local economic and
energy requirements.

The methods used in this study include metaheuristic optimization algorithms: the
EWOA, WOA, WCA, AVOA, and GWOA. The results of these techniques are then compared.

2.1. Load Assessment

The majority of urban and suburban regions in Ethiopia receive their electricity from
the national grid and struggle with poor power quality, making dependable and clean
electrification a top priority. Some urban areas now have access to electricity with good
power quality, while electrification projects are still in progress in other areas. The northern
Ethiopian town of Debre Markos is fully electrified but has poor power quality. Figure 1
shows the hourly load profile of Debre Markos University’s power distribution system.
The load profile for the community on a typical day under the most severe case scenario
is shown.
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Figure 1. The community’s hourly load profile on a typical day.

2.2. Renewable Energy Resource Assessment

The renewable energy sources (RESs) used in this study were solar and biogas
power [95]. The examined community has nearly year-round access to solar radiation,
with bright days being slightly longer in the summer and slightly shorter in the winter.
In March, the surrounding temperature at the given site climbed to 25 ◦C. In July and
August, the lowest temperatures were 16.24 ◦C and 16.36 ◦C. The chosen location’s solar
radiation information was retrieved from NASA’s ground meteorology and solar energy
database. The average yearly solar radiation in the area of study was 6.67 kWh/m2/day.
The daily solar radiation fluctuated between 5.60 kWh/m2 and 7.80 kWh/m2/month. The
community’s clearance index and changes in daily solar radiation are shown in Figure 2,
indicating that the site for the chosen PV system has sufficient solar capacity.
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The purpose of the biogas generator in this study is to prevent environmental problems
that could result from the improper disposal of food waste, animal manures (including
human manures), and effluent (paunch manure) from the abattoir [96,97]. This is accom-
plished by employing a biodigester to turn the waste materials and manures into biogas.
Based on the collected data, the biogas potential for the abattoir, food, and animal waste
is estimated to be 2,872,984.91 m3/year, 2,550,105.67 m3/year, and 2,505,634.78 m3/year,
respectively.

3. Proposed System Layout and Description

The grid-connected solar PV–biogas hybrid system, in conjunction with the SMES-
PHES hybrid storage system, is considered for both short- and long-term load responses.
Figure 3 depicts the proposed hybrid system, which consists of solar PV and biogas
generators, a HESS with SMES and PHES, a national grid connection, and AC loads linked
to the system via their respective controlled-power electronic converters. MPPT systems are
used in solar PV systems to harvest the maximum amount of electricity. The PHES system,
as the primary storage system, provides energy to the system when HRES production
is insufficient to meet demand and consumes energy when HRES production exceeds
demand. On the one hand, PHES has a high degree of dependability, but its reaction time
during transient situations is poor.
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Therefore, SMES is used to compensate for the slow dynamics of PHES. Small- and
medium-sized enterprises have been using energy from the system and supplying energy
to the system. The output of a hybrid system is primarily a source of power. Assuming
that converters are integrated into the system model, both the PCS and DC supply will
switch to AC power. The converter transforms the SMES’s direct current output into the
system’s alternating current. The duty cycle and the inductance current of the chopper
have been set. This plant concept can be used for both distributed and grid-connected
power-producing systems. If customers have a connection to the utility point, the hybrid
system can then be used for both importing and exporting power. The grid then obtains
power from the hybrid system when the HRESS has more power than it needs and the
HESS is fully charged. However, many technical details about the HRES component pieces
have not been provided.

3.1. Mathematical Modeling of Hybrid Energy Sources

A grid-connected hybrid power system composed of solar PV, biogas, and hybrid
SMES-PHES could be an affordable way to generate sustainable energy that matches
realistic load demands that vary over time. As a result, the unmet energy demand must be
minimized at all times. This section provides an explanation of each component’s modeling.
Building and constructing an appropriate model, as well as scaling a hybrid system, require
mathematical modeling. The following paragraph provides a detailed explanation of the
mathematical modeling of each component in the hybrid system.

3.1.1. Solar PV Array Unit Modeling

The basic component of a photovoltaic array is the solar cell, which is connected in
series and/or in parallel to form solar PV modules. A typical module consists of 24/72
cells connected in series. The amount of radiation, operating temperature, and level of
panel cleanliness all have an impact on the photovoltaic system’s output power [98]. Based
on the solar radiation and surrounding temperature, a PV module’s output power can be
stated as [99]:

PPV(t) = NPV ×VOC(t)× ISC(t)× FF (1)

where NPV is the number of PV panels, VOC and ISC are the open-circuit voltage (V) and
short-circuit current (A) of the solar PV panels, and FF is the fill factor. A solar PV panel’s
VOC and ISC can be computed using the following formula [99]:

VOC(t) = VOCS − τ ×
(

TPV(t)− 250
)

(2)

ISC(t) =
[

ISCS + ς
(

TPV(t)− 250
)]QPV(t)

1000
(3)

TPV(t) = Tamb(t) +
(
TPVnm(t)− 200)

800
×QPV(t) (4)

where VOC and ISC are, under standard test conditions (STC), the open-circuit voltage
(V) and short-circuit current (A), respectively. QPV denotes the global solar irradiance(

W/m2) incident on the solar panels, τ is the open-circuit voltage temperature coefficient
(V/◦C), ς is the short-circuit current temperature coefficient (A/◦C), Tamb is the operating
temperature of the solar cell, and TPV is the nominal temperature of the solar cell in ◦C.
Additionally, the solar PV panel’s FF is calculated as follows:

Fill f actor(FF) =
Vmpp × Impp

VOC × ISC
(5)

where Vmpp and Impp represent, respectively, the voltage and current at the maximum
power point.



Sustainability 2023, 15, 10736 9 of 30

The energy produced by the PV system (EPV(t)) at hour “t” is calculated as:

EPV(t) = PPV(t)× ∆t (6)

The maximum power point tracking (MPPT) system’s efficiency is closely linked to the
PV modules’ efficiency. According to [100], including an MPPT system in hybrid systems
is economically possible because it will boost the energy produced by the photovoltaic
modules by roughly 30%. As a result, it is assumed that the PV modules in the system
under investigation are fixed on a tracking system with an efficiency of 95%.

3.1.2. Biogas Generator (BG) Unit Modeling

The biogas generating system’s output power (PB(t)) is calculated using the following
equation [99,101]:

PB(t) =
QG × FG × ηG

860× HG
(7)

where QG is the daily biogas availability (m3/day), FG is the calorific value of biogas (4700
kcal/m3), and ηG is the total efficiency of converting biogas into power (35%). HG is the
number of hours that the biogas generator is open each day. The energy (EB(t)) produced
by the biogas generator system at hour ‘t’ is calculated as:

EB(t) = PB(t)× ∆t (8)

3.1.3. Hydraulic Pumped-Storage System Modeling

The amount of water flowing through a turbine is measured in m3/s. Generally, the
formula below is used to determine how much energy is produced at a hydroelectric power
station [102]:

EH = ηH × ρ× g×Q× h× ∆t (9)

where EH is the amount of energy that a water turbine produces (kWh), ηH is the efficiency
of the water turbine and generator (%), ρ is the density of the seawater (kg/m3), g is the
acceleration of gravity (m/s2), Q is the quantity of water flowing through the turbines
(m3/s), and h is the effective head (m).

The volume of stored energy is considered the reservoir’s maximal capacity. It is
expected that the amount of water that is stored during the simulation period must not be
less than the minimum permissible value Vmin. The amount of energy set aside is calculated
as a share of the higher reservoir’s maximum capacity. The following formulae can be used
to compute the volume of water that is kept in the tank at any given time of the year:

i f

{
Vmax −V(t−1) < Vmin

V(t) = V(t−1) −Qdis
(t) + Qpump

(t)

else
{

V(t) = min
(

V(t−1); Vmax

)
−Qdis

(t) + Qpump
(t)

(10)

where Vmax and Qdis are the upper reservoir’s maximum capacity (m3) and the amount of
water that comes out of the tank per second (m3/s). Both are used to meet the load demand
when solar and biogas power are low. Qpump is the amount of water pumped from the sea
into the upper reservoir (m3/s) by solar and biogas power plants when the system has
excess energy.

In generating mode, the system calculates how much electricity the generator and
turbine set produce. When the energy balance value is less than zero, the system can be in
generating mode, according to Equation (11).

EH
(t) = min

[
min

(V(t−1)

3600
; QT

)
ηTηWPρg(hadd + h3); |EB|

]
(11)
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where ηWP and ηT are the efficiencies of the pipeline and the generator, h3 is the average
head of the PHES system, and QT is the discharge water from the upper reservoir that exits
the turbine (m3/s). The volume of water expelled at that time is given in the following
equation, which is derived from the previous equation:

Qdis
(t) =

EH
(t)

ηTηWPρg(hadd + h3)
(12)

The hybrid system may or may not be able to meet all the energy needs. The system
may need help from the grid to meet the energy needs. Equation (13) can be used to
estimate the energy deficit in this case:

Ede f
(t) =

∣∣∣EB
(t) + EH

(t)

∣∣∣ (13)

When the value of the energy balance is EB > 0, the excess energy is used to move
water from the sea to the upper water reservoir. In this case, the electric energy used by the
pump system at any given time is computed using the formula:

Epump
(t) = min

[
min

(Vmax −V(t−1)

3600
; QP

)
ηPηWPρg(hadd + h3); |EB|

]
(14)

where ηP denotes the pumping unit’s efficiency and QP denotes the pumping speed (m3/s).
The following formula computes the charging water from the lower reservoir to the upper
reservoir at a specific time, and is based on the previous equation:

Qpump
(t) =

Epump
(t)

ηPηWPρg(hadd + h3)
(15)

3.1.4. Superconducting Magnetic Energy Storage (SMES) System Modeling

SMES was used as the energy storage solution because of its rapid responsiveness and
extremely high efficiency (charge-discharge efficiency exceeding 95%) [103–105]. Depend-
ing on the demand requirements, the power stored in the coil can be charged or discharged.
Load leveling, damping control, and load frequency control are all ways that SMES can
be used in power systems [106–108]. SMES systems are usually used to store energy for
short periods in data centers, hospitals, military bases, and industries [109]. In short, SMES
systems can store the surplus or excess energy generated by HRES, rather than wasting it
when the load demand is low, and release energy to supply peak load demands throughout
the day. In other words, SMES system can function as loads during charging mode to store
energy and as generators during discharging mode to release or deliver energy. The three
operational states are charging mode, discharging mode, and standby mode, which are
expressed as follows:

1. Charging Mode of Operation: This mode occurs when HRES power generation is
higher than the load demand PL (i.e., PL − PHRES < 0 or PSMES Ex.(t) < 0).

PSMES Ex.(t) = max
{
−|∆P(t)|, (ESMES St.(t− 1)− ESMES, max.)

∆t× ηCha.
,−PSMES, rated

}
(16)

ESMES St.(t) = min{(ESMES St.(t− 1)− PSMES, Cha.(t)× ∆t× ηCha.), ESMES, max.} (17)

2. Discharging Mode of Operation: This mode occurs when the load demand PL is
higher than the HRES power generation (i.e., PL − PHRES > 0 or PSMES Ex.(t) > 0).
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PSMES Ex.(t) = max
{
|∆P(t)|, (ESMES St.(t− 1)− ESMES, min.)× ηCha.

∆t
,−PSMES, rated

}
(18)

ESMES St.(t) = max
{

ESMES St.(t− 1)−
(

PSMES, Dis.(t)× ∆t
ηDis.

)
, ESMES, min.

}
(19)

3. Standby Mode of Operation: This mode occurs when the load demand PL is equal to
the HRES power generation (i.e., PL –PHRES = 0 or PSMES Ex.(t) = 0). The SMES system
must run in standby mode to maintain the stored energy in the system when it is not
necessary for it to exchange power with the primary DC-bus bar.

where PSMES Ex.(t) is the exchanged power of SMES at period t, which is negative, positive,
and equal to zero during charging mode, discharging mode, and standby (idle) mode,
respectively; ηCha. and ηDis. are the efficiencies of charging and discharging modes, respec-
tively; ∆P(t) is the difference between the output and load demand of HRES; PSMES,rated is
the power rating of SMES; ESMES St.(t) is the energy storage capacity of SMES at period t;
ESMES,min. and ESMES,max. are the minimum and maximum energy storage capacity limits
of the SMES system, respectively; and ∆t represents the time interval.

3.1.5. Modeling of Converter

The main function of the inverter is to transform the DC power from solar PV and bat-
tery power into AC power and to send more power to the grid than is allowed. According
to [110], it is assumed in this analysis that the inverter efficiency (ηinv) is 90% as a fixed
value. As a result, the equation below can be employed to estimate the inverter’s output
power:

Pinv−AC = (PSMES−inv + PPV−inc)× ηinv (20)

where PSMES−inv is the output power from the SMES system, and PPV−inv is the power
generated from the solar PV sources.

3.2. Operation and Energy Management Strategy

The operation of the proposed hybrid renewable system is summarized in the follow-
ing operational scenarios. A flowchart outlining the hybrid system’s operational philosophy
is shown in Figure 4. The power supply system can be seen to vary as the load demand
changes. In addition, the supply changes based on the load demand. When the load
demand increases, the system’s power supply (production) also increases by the same
amount. In light of this, the distribution system’s power stability problem can be managed.
Consequently, the power supply must be capable of keeping up with sudden, rapid load
variations. Thus, when the load demand increases, the power supplied by the hybrid
system also increases, whereas when the load demand decreases, the power supply also
decreases or is disconnected from the grid-connected hybrid power system. A hybrid sys-
tem works best when it can respond in milliseconds to variations in the power production
minus the load demand. It supplies electricity to the system until long-term energy storage,
such as PHES, or a biogas generator begins to cater to the connected load. However, before
SMES can function, a comparison between the superconducting coil’s inductor current
(ISMES) and its lower limit of the inductor current (ISMESdL) must be made.

If the coil current surpasses ISMESdL, the SMES system discharges and delivers power
to the grid-connected hybrid system. In another scenario, when the gap between the
amount of power produced and the amount needed is greater than zero, the SMES system
keeps running until a long-term energy storage system or other energy sources can meet
the connected demand. The SMES system’s inductor coil current reaches its limit for part
of the extra power that was sent to the SMES system before it was charged. Therefore, the
SMES system operates in charging mode and uses energy from the grid-connected HRES if
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the inductor current is less than the upper limit; otherwise, the SMES system cannot charge.
The SMES system stays in standby mode, meaning it is neither charging nor discharging
when there is no difference between the change in power production and the load demand.
However, long-lasting energy storage systems such as PHES and SMES both have the
same commands.
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The proposed hybrid system functions to meet load demand because the primary
energy sources are the PV panels and the biogas generator, whereas the fast-response
storage system (SMES) and long-lasting energy storage system (PHES) both function to
maintain the reliability and continuity of the power supply to the loads. Renewable
energy sources have intrinsic limitations; therefore, the system’s power generation capacity
cannot be increased to meet demand on a moment-by-moment basis. As a result of the
changing nature of solar radiation, managing the power in a hybrid system can be difficult.
Coordinating the flow of power across all units with regard to timing and demand is
important for grid-connected hybrid power generation systems. According to Salman
et al. [111], there are circumstances where the amount of energy generated exceeds the
amount of energy needed and the storage units are charged to capacity. In this situation,
the national grid receives all the excess energy, protecting the storage systems from being
overcharged [112]. Based on the aforementioned circumstances and the flowchart in
Figure 4, the proposed power management strategy takes into account the following modes
of operation [113,114]:

Mode I: The solar PV and biogas generator provides a considerable amount of energy,
and any excess energy is used to charge the storage units if the charge level is below nominal.

Mode II: When the charge level is equal to nominal, energy is generated in excess
of what is needed for the load and storage unit. All excess energy is transferred via the
national grid, which is interconnected.

Mode III: The amount of energy generated by the hybrid solar PV–biogas generator
is insufficient to meet demand. In terms of the importance of the operation, the following
two sub-scenarios can be considered:

a. The connected electric load requirement can be met by stored energy from the hybrid
SMES-PHES system.

b. If the energy in the storage units runs out, the connected national grid provides the
required electric load demand.

4. Parameter Evaluation of the Optimization
4.1. Economic Evaluation

“Cost of electricity” (COE) is a widely used method for calculating the economic
benefit of a hybrid renewable energy system [113]. It is written in Equation (32) as the
“net cost per unit of electrical energy” [115]. In this study, the COE produced by the
suggested hybrid renewable power system is reduced while providing a consistent supply
of electricity to the consumer. The system’s total annual cost (TAC) is considered in the
economic analysis.

TAC = Cann,cap +
T=8760

∑
i=1

CO&M +
T=8760

∑
i=1

CR (21)

where CR is the replacement cost of each subsystem, CO&M is the cost of operation and
maintenance of each subsystem, and Cann,cap is the annual interest of the capital cost.

The net present cost (NPC) describes the present value of the capital investment and
the operating costs over the lifetime of the project and can be expressed as follows [116]:

NPC =
TAC
CRF

(22)

where CRF is the capital recovery factor.
The CRF is used when converting the initial investment cost to the annual capital cost.

The CRF can be calculated by:

CRF(r, n) =
r(1 + r)n

(1 + r)n − 1
(23)
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where r is the interest rate (12%) and n is the length of time the proposed hybrid system is
expected last (25 years). The COE (EUR/kWh) is how much it costs the system to produce
one kWh. The COE is calculated as follows:

COE =
NPC

∑T=8760
T=1 Pload(t)

× CRF (24)

The levelized cost of energy (LCOE) is a method for estimating the amount of money
spent on energy per kilowatt-hour (EUR/kWh) for the duration of the project.

The cost per kWh of various power system technologies is compared using the LCOE.
Estimating the LCOE involves dividing the project’s lifecycle cost by its anticipated energy
output from HRES [117]. The LCOE can be calculated as follows:

LCOE =
LCC

EGeneration
(25)

where EGeneration is the system energy generation and LCC is the lifecycle cost of the project.
The cost of replacement is lower than the salvage value, which implies that the cost of
the project over its lifetime is equal to the value of the project at the end of the system’s
life. It also includes the initial capital, operation, and maintenance costs. The LCC can be
calculated using the following formula:

LCC = Ccap +
T=8760

∑
T=1

CO&M +
T=8760

∑
T=1

CR − CSal (26)

where Ccap, CO&M, CR, and CSal represent the capital, operation and maintenance, replace-
ment, and salvage costs for the project’s end-of-life value, respectively.

The salvage cost (CSal) is the value of an integrated system’s components at the
project’s conclusion. The salvage cost is calculated as follows [118]:

CSal = CR ×
Rrem

RPL
(27)

where Rrem and RPL denote the components’ remaining life and project lifespan, respectively.

4.2. Reliability Evaluation

The capability of an electrical power system to deliver sufficient energy to a given
load without any shortage or interruption in service is referred to as system reliability.
The expected energy not supplied (EENS) index, reliability index (RI), and loss of power
supply probability (LPSP) index are the three most commonly used system reliability
indices [119,120]. These indices reveal how well the load is distributed. Using Equation
(28), one can obtain an estimate of the EENS [121].

EENS = ∑8760
t=1 [Pload(t)− (PPV(t) + PB(t) + PSMES−dis(t) + PPHES−dis(t)− PSMES−cha(t)− PPHES−cha(t))] (28)

In this study, the LPSP must be less than a predetermined value of 1%. The LPSP is
determined according to Equation (29) [122]:

LPSP =
∑8760

t=1 [Pload(t)− (PPV(t) + PB(t) + PSMES−dis(t) + PPHES−dis(t)− PSMES−cha(t)− PPHES−cha(t))]

∑8760
t=1 Pload(t)

(29)

As shown in Equation (30), the RI indicates the ability of HRES to meet the load demand
without service interruptions [123].

IR = 1−
[

∑8760
t=1 [Pload(t)− (PPV(t) + PB(t) + PSMES−dis(t) + PPHES−dis(t)− PSMES−cha(t)− PPHES−cha(t))]

∑8760
t=1 Pload(t)

]
(30)
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The loss of load probability (LOLP) can be computed by dividing the number of hours when
the power of the load demand exceeds the combined power coming from renewables and
grid purchases by the total time in hours, which is 8760, as shown in Equation (31) [124].

LOLP =

8760
∑

t=1
hours#at

[(
PL(t) + Pcha

PHES&SMES(t)
)
>
(

PPV(t) + PB(t) + Pdis
PHES&SMES(t) + PGP(t)

)]
8760

(31)

4.3. Formulation of Objective Function to Optimize the Problem

The aim of this study is to reduce the life cycle cost (LCC) of a grid-connected solar–
biogas generator hybrid system with SMES-PHES while maintaining high reliability of
the power supplied to the connected loads and minimizing the LPSP and excess energy
consumed in the interconnected national grid. For this optimization problem, the important
variables are the reservoir capacity of the PHES system in m3, the number of solar PV
panels, the capacity of the biogas generator, and the capacity of the SMES system.

minLCC = min
(

Cinitial + Creplace + CO&M

)
(32)

4.4. Constraints

Several system constraints are described below, which are aligned with the aforemen-
tioned objective function. The proposed grid-connected hybrid power plant will be subject
to the following limits on system sizing in order to ensure minimal costs and high reliability:

Pinv(t) ≥ PPV_peak(t) + PSMES−dis(t) (33)

Pmin
Bio (t) ≤ PBio(t) ≤ Pmax

Bio (t) (34)

Nmin
PV ≤ NPV ≤ Nmax

PV (35)

LPSP ≤ βL (36)

where Nmin
PV and Nmax

PV represent the minimum and maximum limits of the PV panels, and
Pmin

Bio (t) and Pmax
Bio (t) represent the minimum and maximum limits of the capacity of the

biogas generator with high reliability or a minimum loss of power supply probability
βL ≤ 0.01.

5. Optimization Technique

The proposed metaheuristic optimization technique is the enhanced whale optimiza-
tion algorithm (EWOA) which is discussed and analyzed in this section. The outcomes of
the chosen algorithm optimization were compared with those of other metaheuristic opti-
mization algorithms. The algorithms were executed using MATLAB. This section includes
a brief description of the proposed EWOA metaheuristic optimization algorithm used.

In 2016, Mirjalili and Lewis [125] proposed the whale optimization algorithm (WOA),
a novel metaheuristic optimization algorithm inspired by the social behavior of humpback
whales. The bubble-net hunting strategy was the algorithm’s foundation. Although the
WOA has a rapid convergence rate, it is inefficient in locating the global best solution for
multimodal problems that have multiple local optimal solutions. The enhanced whale
optimization algorithm (EWOA) was developed by Nadimi-Shahraki et al. in 2022 [126]
as a means to improve the global search capability. By using a pooling mechanism and
three efficient search techniques, the EWOA improves the performance of the traditional
WOA. These strategies include migration, preferred selection, and enhancing the nearby
prey. In order to sustain the genetic diversity of the population, the worst answers from
each iteration are crossed with the best solutions from the pooling technique.
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In addition, new search techniques have been found to complement the search strate-
gies used in the classic WOA. In this section, a technique for pooling resources, as well as
three productive search algorithms, is explored.

a. Pooling mechanism: Using Equation (37), the member pools Pool = (Pi,1, Pi,2, . . . . Pi,D)
of a size matrix Pool = (P1, P2, . . . Pk) are generated, where Xt

brnd is computed using
Equation (39) to generate a random location near the best humpback whale Xt

best, and
Xt

worst is the worst solution found in the current iteration. In this equation, Bt
i is a

binary random vector, and Bt
i is its inverse vector. The values of non-zero elements

in Bt
i are zero in Bt

i , and the values of zero elements are equal to one. For variety, the
pooling method uses a crossover operator to mix the worst and best solutions. When
the pool is full, an existing pool member takes the place of the new member.

Pt
i = Bt

i × Xt
brnd + Bt

i × Xt
worst (37)

b. Migrating search strategy: Using Equation (38), this search method randomly parti-
tions a portion of the humpback whale to explore uncharted territory and improve
the exploration process. The partitioned whale populations are also anticipated to
diversify, which may lessen the likelihood of local whale trapping. Equation (39),
where rand is a random number between 0 and 1, and δmin and δmax are the lower
and upper limits of the problem, determines Xt

rnd as a random point in the search
space. Equation (40) is used to find the best humpback whale, Xt

best, and is a random
location nearby. In this case, δbest_min and δbest_max are the lower and upper limits of
Xt

best, respectively.
Xt+1

i = Xt
rnd − Xt

brnd (38)

Xt
rnd = rand× (δmax − δmin) + δmin (39)

Xt
brndi = rand× (δbest_max − δbest_min) + δbest_min (40)

c. Preferential selection search strategy: In the classical WOA, the prey search method
can explore more effectively with the help of the preferred selection technique. This
method is shown in Equation (42), where Xt

i is the current location of the ith whale,
and Pt

rnd1 and Pt
rnd2 are randomly chosen from the matrix. In iteration t, Ct

i is defined
using Equation (41), and At

i is sampled using a Cauchy distribution with parameters.
By dispersing the whales across the search space, a diverse range of solutions can be
found. However, a larger step size is recommended for the preferential selection search
method to improve the WOA’s ability to explore. In this method, the heavy-tailed
Cauchy distribution is used because it has a higher chance of generating larger values.

Ct
i = 2× rand (41)

Xt+1
i = Xt

i + At
i ×
(
Ct

i × Pt
rnd1 − Pt

rnd2
)

(42)

d. Enriched encircling prey search strategy: The WOA’s encircling prey method is
enriched using Equation (42), where D!t is computed using Equation (43) and is
chosen at random from the matrix pool.

Xt+1
i = Xt

best − At
i × D!t (43)

D!t =
∣∣Ct

i × Xt
best − Pt

rnd3
∣∣ (44)

The source code of the EWOA is shown below (Algorithm 1).
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Algorithm 1. The source code of the EWOA.

Input: Population size (N) and maximum iterations (ItrMax)
Output: The optimal solution
Begin
Distribute N wheels randomly in the future space using the equation:

bt
i,j =

{
1, rand ≥ 0.5
0, rand < 0.5

, i = 1, 2, . . . . N, and, j = 1, 2, . . . D

Evaluate the fitness of the wheels using the equation:

Fitt
i = α× CEt

i + β×
(

FSt
i

D

)
, where, CEt

i =
1
K

K
∑

Fold=1

1
NSmp

NSmp

∑
S=1

√(
ys −

•
ys

)2
.

Set t = 1
While t < ItrMax
Randomly select a portion P of the population and compute Xt+1

i∈P using the migrating search
strategy.
If i is not in P
Compute the probability rate ρt

i and coefficient At
i using the equation:

At
i = 2× αt

i × rand− αt
i , where, αt

i = 2− t×
(

2
ItrMax

)
.

If ρt
i < 0.5

If At
i < 0.5

Compute Xt+1
i using the enriched encircling prey strategy defined in the equation:

Xt+1
i = Xt

best − At
i × D!t, where, D!t =

∣∣Ct
i × Xt

best − Pt
rnd3

∣∣
Else
Compute Xt+1

i using the preferential selection strategy defined in the equation:
Xt+1

i = Xt
i + At

i ×
(
Ct

i × Pt
rnd1 − Pt

rnd2
)

end if
Else
Compute Xt+1

i using the spiral bubble-net attacking strategy defined in the equation:
Xt+1

i = D!t × elb × cos(2πl) + Xt
best where D!t =

∣∣Xt
best − Xt

i
∣∣

end if
Apply the following equations in order to map the continuous search space to the binary one:

U
(

Xt
ij

)
= α×

∣∣∣Xβ
ij

∣∣∣ and bt
ij =

 1, U
(

Xt
ij

)
≥ rand(0, 1)

0, U
(

Xt
ij

)
< rand(0, 1)

Update and evaluate the fitness of Xt+1
i using the equation:

Fitt
i = α× CEt

i + β×
(

FSt
i

D

)
, where, CEt

i =
1
K

K
∑

Fold=1

1
NSmp

NSmp

∑
S=1

√(
ys −

•
ys

)2

Update Xt+1
i using the position with a lower fitness value from

{
Xt

i , Xt+1
i

}
end if
Update the global optimal solution
t = t + 1
end while

This section adopts the modified whale optimization method to address hybrid
renewable energy source sizing issues. The proposed EWOA is compared with the
most commonly used metaheuristic optimization techniques, including the AVOA, WCA,
and GWOA.

6. Results and Discussion

The city of Debre Markos in northern Ethiopia was the subject of this research. This
area was used to evaluate the size of a grid-connected hybrid solar PV and biogas system
with SMES-PHES mechanisms. Based on the primary and secondary data acquired from
various sources, the site’s potential to produce biogas was estimated. The research area’s
biogas potential was determined to be 7.9287 × 106 m3/year based on the collected data. In
2019, Suhartini S. et al. [127] examined the possibility of producing 2.14 kWh of energy from
1 m3 of biogas using a biogas generator. With the estimated biogas potential, it was found
that 1293.0080 kW of power and 11.3268× 106 kwh of energy per annum could be produced.
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Based on the available data, in our research area, the average annual horizontal solar
radiation was 6.6732 kWh/m2/day, and the average ambient temperature was 18.5001 ◦C.
Figure 5 displays the hourly meteorological data over one year. Additionally, Table 1
presents the technical and financial details of the PV, SMES, inverter, PHES, and biogas
generator employed in this study. In this study, the rate of interest was set to 12%, and the
system’s duration was set to 25 years.

Sustainability 2023, 15, x FOR PEER REVIEW 20 of 33 
 

verter, PHES, and biogas generator employed in this study. In this study, the rate of 

interest was set to 12%, and the system’s duration was set to 25 years. 

 

Figure 5. Data on the research area’s hourly temperature and solar irradiation over one year. 

Table 1.  Technical and financial specifications of the HRES system’s components. 

Solar panel [128] 

Max power 380 Wp 

Length x width  1.976 × 0.991 m 

Efficiency  19.41% 

Temperature coefficient 0.41% 

Initial cost  145.845 EUR/kW 

O and M cost 1% 

Life span 25 Years 

SMES [129] 

Energy, ESMES 1 MJ 

Inductance, LSMES 0.5 H 

Current, ISMES 1 KA 

Voltage, Vdc-link 2 KV 

Capacitance, Cdc-link 0.01 F 

PHES [130,131] 

Overall efficiency 77% 

Cost of power conversion 165–740 EUR/kW 

Fixed O and M cost 8.5 EUR/kW 

Variable O and M cost 0.8 EUR/MWh 

Life Span 30 years 

Biogas generator [132] 

Initial Cost 1342.5 EUR/kW 

Fixed O and M cost 71.65 EUR/kW 

Variable O and M cost 20.7 EUR/MWh 

Inverter [133,134] 

Figure 5. Data on the research area’s hourly temperature and solar irradiation over one year.

Table 1. Technical and financial specifications of the HRES system’s components.

Solar panel [128]

Max power 380 Wp
Length x width 1.976 × 0.991 m
Efficiency 19.41%
Temperature coefficient 0.41%
Initial cost 145.845 EUR/kW
O and M cost 1%
Life span 25 Years

SMES [129]

Energy, ESMES 1 MJ
Inductance, LSMES 0.5 H
Current, ISMES 1 KA
Voltage, Vdc-link 2 KV
Capacitance, Cdc-link 0.01 F

PHES [130,131]

Overall efficiency 77%
Cost of power conversion 165–740 EUR/kW
Fixed O and M cost 8.5 EUR/kW
Variable O and M cost 0.8 EUR/MWh
Life Span 30 years



Sustainability 2023, 15, 10736 19 of 30

Table 1. Cont.

Biogas generator [132]

Initial Cost 1342.5 EUR/kW
Fixed O and M cost 71.65 EUR/kW
Variable O and M cost 20.7 EUR/MWh

Inverter [133,134]

Model UnderstandSolar
Initial cost 172 EUR/kW
O and M cost 1%
Efficiency 95%

Economic parameters

Real discount rate 12%
Lifetime of the project 25 Years

6.1. Results of Optimal Sizing of Hybrid Components

Table 2 illustrates the optimal component capacities in various hybrid system configu-
rations using different metaheuristic techniques. The net present costs and the objective
function (LCC) were both taken into account when selecting the hybrid system’s appropri-
ate size. For this hybrid system configuration, the following capacities were determined to
be appropriate using the EWOA: 5496 solar PV panels, 860.29 KW for the biogas genera-
tor capacity, 400.67 KW for the PHES, 26,798.14 m3 for the upper reservoir capacity, and
142.28 kWh for the SMES capacity. The EWOA was also found to be the most effective in
determining the optimal sizes for this hybrid renewable energy system when the results
from the six metaheuristic optimization methods were compared. The EWOA determined
the optimal sizes for the solar PV, PHES, SMES, and biogas generators by considering the
objective function (i.e., LCC) and the constraints. Additionally, the lowest values of the
LCC were achieved.

Table 2. Optimized capacities of components with parameters using different metaheuristic opti-
mization algorithms.

Technique

Type of Renewable Energy Resource

No. of PV
Panels

PHES
Capacity

(KW)

Reservoir
Capacity

(m3)

Capacity of
Biogas (KW)

SMES
Capacity
(KWh)

EWOA 5495.44 400.67 26,798.14 860.29 142.28

AVOA 2928.58 346.97 25,296.88 999.94 142.28

GWOA 2964.31 349.86 24,975.71 997.63 142.28

WCA 5117.57 396.92 27,597.56 869.33 142.28

6.2. Results of Analysis of Financial and Reliability Parameters

As discussed in the previous sections, the objective function of this study was the cost
(i.e., LCC) of the proposed hybrid system. Table 3 compares the results of the EWOA to
those of more recent optimization methods.

As seen in Table 3, the EWOA estimated the optimal solution (minimum LCC of
the project) of EUR 4.507 × 106 within the predefined operational iterations and LPSP
values. In addition, the GWOA, AVOA, and WCA achieved LCC values of EUR 4.511 × 106,
EUR 4.515 × 106, and EUR 4.509 × 106, respectively, within the predefined iterations and
LPSP values. Moreover, the COE value was the lowest when the EWOA was applied.
Chong Li et al. (2022) [135], who investigated hybrid solar–biogas energy storage systems,
obtained a COE of 0.22 EUR/kWh, which was 16% higher than that of our proposed system.
Furthermore, Mwakitalima et al. (2023) [136] introduced a hybrid solar–biogas energy
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storage system and obtained a COE of 0.082 EUR/kWh, which was higher than the 2.25%
of our proposed system.

Table 3. Economical and reliability results of different metaheuristic optimization techniques.

Techniques
Financial Parameters Reliability Parameters

LCC
(EUR)

COE
(EUR/kWh)

NPC
(EUR) LOLP (%) EENS

(KW) IR

EWOA 4.507 × 106 0.059513 7.189 × 106 3.804 1.124 × 105 0.990066

AVOA 4.515 × 106 0.059517 7.193 × 106 4.533 1.176 × 105 0.990001

GWOA 4.511 × 106 0.059794 7.203 × 106 3.884 1.166 × 105 0.990003

WCA 4.509 × 106 0.059781 7.202 × 106 4.043 1.184 × 105 0.990066

From the results shown in Table 3, it can be seen that the EWOA predicted the lowest
COE and NPC values of 0.059513 EUR/kWh and EUR 7.189 × 106, respectively. The
COE and NPC values estimated using the GWOA were EUR 0.059794 EUR/kWh and
EUR 7.203 × 106, and those estimated using the AVOA were 0.059517 EUR/kWh and EUR
7.193 × 106. The COE and NPC values estimated using the WCA were 0.059781 EUR/kWh
and EUR 7.202 × 106, respectively. Therefore, the EWOA achieved the optimal values
of the COE and NPC for the proposed grid-connected hybrid system. In addition, the
EWOA achieved the lowest LOLP and EENS values, and the highest RI value, indicating
a more reliable system. Fluctuations in the levels of energy injected into the grid were
also minimized. The financial analysis was highly affected by the numerical values of the
constraints and the participation rate of the hybrid renewable energy generation. Figure 6
illustrates the optimal results of the EWOA in terms of the NPC and COE values.

Sustainability 2023, 15, x FOR PEER REVIEW 22 of 33 
 

a COE of 0.22 EUR/kWh, which was 16% higher than that of our proposed system. 

Furthermore, Mwakitalima et al. (2023) [136] introduced a hybrid solar–biogas energy 

storage system and obtained a COE of 0.082 EUR/kWh, which was higher than the 2.25% 

of our proposed system. 

From the results shown in Table 3, it can be seen that the EWOA predicted the lowest 

COE and NPC values of 0.059513 EUR/kWh and EUR 7.189 × 106, respectively. The COE 

and NPC values estimated using the GWOA were EUR 0.059794 EUR/kWh and EUR 

7.203 × 106, and those estimated using the AVOA were 0.059517 EUR/kWh and EUR 7.193 

× 106. The COE and NPC values estimated using the WCA were 0.059781 EUR/kWh and 

EUR 7.202 × 106, respectively. Therefore, the EWOA achieved the optimal values of the 

COE and NPC for the proposed grid-connected hybrid system. In addition, the EWOA 

achieved the lowest LOLP and EENS values, and the highest RI value, indicating a more 

reliable system. Fluctuations in the levels of energy injected into the grid were also 

minimized. The financial analysis was highly affected by the numerical values of the 

constraints and the participation rate of the hybrid renewable energy generation. Figure 6 

illustrates the optimal results of the EWOA in terms of the NPC and COE values.  

 

Figure 6. Graphical representation of the COE and NPC values obtained using the EWOA, AVOA, 

GWOA, and WCA. 

Figure 7 shows that the EENS and LOLP values achieved by the EWOA were the 

lowest and the RI was the highest. 

 

Figure 7. Graphical representation of the LPSP, RI, and EENS values obtained using the EWOA, 

AVOA, GWOA, and WCA. 

Overall, the outcomes of this study’s objective functions indicate that EWOA out-

performed the other methods in all aspects. The convergence rates of the algorithms used 

0.059

0.0592

0.0594

0.0596

0.0598

0.06

 7,150,000

 7,160,000

 7,170,000

 7,180,000

 7,190,000

 7,200,000

EWOA AVOA GWO WCA

C
O

E
 (

E
U

R
/K

W
h

)

N
P

C
 (

E
U

R
)

Optimization Techniques

Financial Parameters (COE & NPC)
NPC(EUR) COE(EUR/KWh)

Figure 6. Graphical representation of the COE and NPC values obtained using the EWOA, AVOA,
GWOA, and WCA.

Figure 7 shows that the EENS and LOLP values achieved by the EWOA were the
lowest and the RI was the highest.

Overall, the outcomes of this study’s objective functions indicate that EWOA outper-
formed the other methods in all aspects. The convergence rates of the algorithms used in
optimizing the grid-connected hybrid renewable energy system under study are illustrated
in Figure 8. The EWOA can be seen to have the fastest convergence rate among the consid-
ered methods, with all methods converging to the minimal COE vs. operational iterations.
Moreover, the algorithms themselves rather than the decision variables determined the
convergence rates.
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Figure 7. Graphical representation of the LPSP, RI, and EENS values obtained using the EWOA,
AVOA, GWOA, and WCA.
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6.3. Discussion on the Application of the Optimal Solution

Table 2 shows the optimal sizes for the system’s components based on the EWOA
algorithm. These sizes were implemented in the hybrid renewable energy system model.
The entire system operated using the derived values for one year, with hourly intervals.

The annual load demand, energy conversion from solar PV, and biogas generation
were 9.8664 GWh, 4.0369 GWh, and 4.1435 GWh, respectively. The maximum and minimum
values of the power demand, solar PV, and biogas generation were 1.7074 and 0.6682 MW,
2.0484 and 0 MW, and 0.8603 and 0 MW, respectively. Figure 9 displays the annual load
demand, the annual output from solar PV, and the biogas power generation.

Figure 10 depicts the annual energy balance, surplus, and deficit in relation to the vari-
ation of energy exchanges between the hybrid system and electrical network, considering
the pre-defined LPSP values. The figure shows the final energy exchanged with the grid
utility, along with the surplus (when the solar PV generation exceeds the load demand and
the storage systems (SMES and PHES) are full) and deficit (when the load demand exceeds
the generation from the solar PV/biogas system and the PHES upper reservoir water in the
tank reaches the minimum allowed level).

The surplus and deficit energy of the hybrid system were about 0.1352 GWh and
0.0281 GWh, respectively, and it reached peak power outputs of 0.876 and 0.19433 MW. The
power exchange with the electrical network was equal to the energy surplus sent to the local
utility distribution network, varying between the surplus energy and the energy deficit.
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Figure 10. Annual energy balance, deficit, and surplus power from the hybrid system using
the EWOA.

Figure 11 presents the continuous changes in discharging power, charging power, and
state of charge of the SMES system based on the maximum connected loads. Essentially,
this energy storage system performed only during the transition of each energy resource
to supply the loads. Since its response time was less than five milliseconds, there was no
problem with frequency and power deviation. The annual energy discharge and the charge
from/by the SMES system were 0.1236 GWh and 0.1544 GWh. The state of charge of the
batteries varied between 5% and 100%.
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Figure 11. Annual discharging, charging, and SOC representation of the SMES system using
the EWOA.

Figure 12 illustrates the consumed energy from solar PV production and the availabil-
ity of excess power in the proposed hybrid system. This figure represents the PHES energy
consumed during charging mode, the PHES energy generated during discharging mode,
the amount of water charged to the upper reservoir during pumping mode, the amount of
water used/discharged during power generation mode, and the SOC parameter used to
control the water level in the upper reservoir. The annual energy consumed/charged and
generated/discharged from/by the PHES system was 1.04567 GWh and 0.8667 GWh. The
SOC of the upper reservoir indicates the difference between the amounts of water the tank
can hold when it is full and when it is empty. The minimum SOC of the upper reservoir
was 61%, which was reached during the periods when the PV energy was minimal. The
amounts of water annually charged and discharged to/from the PHES upper reservoir
were 4.743 × 106 and 4.437 × 106 m3.
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Figure 13 illustrates the system’s 24 h operation for a typical day, which enables
the reader to comprehend how the system works. In this figure, two cases (Pdef. = 0
(LPSP = 0%), and Pdef. 6= 0 (LPSP 6= 0% but not greater than 1%)) are illustrated for a
typical day.
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7. Conclusions

For the comparative benefits of electric power systems, renewable energy sources
(RES), such as photovoltaic (PV), wind, and hydropower systems, have recently begun
to replace traditional synchronous power generators. This work investigated the various
aspects of replacing backup diesel (since the national grid has more frequent outages)
power plants connected to the grid of Debre Markos distribution stations in Ethiopia with
renewable energy plants. Based on the selected site’s power generation system, a grid-
connected hybrid solar/biogas generator with SMES-PHES was proposed to replace the
backup diesel power plant. To achieve this, an evaluation of the electrical load demand
profile; the solar, biogas, and water resources used for renewable energy; and the sizing of
the grid-connected hybrid solar PV/biogas system with SMES-PHES was carried out.

These measures were introduced in an attempt to lower the cost of energy production
and increase the reliability of the power system network. The appropriate sizing of the
grid-connected hybrid solar PV/biogas generator with SMES-PHES was determined using
the EWOA metaheuristic optimization technique. In a detailed design parameter analysis,
the capacities of the proposed system’s individual components, as well as various types of
financial and reliability considerations, were examined. Furthermore, the GWOA, AVOA,
and WCA metaheuristic optimization techniques were selected for comparison. After
using a MATLAB program to size the hybrid system, LCC values of EUR 4.507 × 106,
EUR 4.511 × 106, EUR 4.515 × 106, and EUR 4.509 × 106 were obtained using the EWOA,
GWOA, AVOA, and WCA. The LCC estimated by the EWOA for the proposed hybrid
system was 1.09%, 1.18%, and 1.05% less than that estimated by the GWOA, AVOA, and
WCA, respectively. However, the EWOA reduced the overall LCC in such a way that it
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remained within the limits of the objective function. The results of the comparison show that
the EWOA outperformed the other algorithms in terms of the LCC and reliability indices.
Both fast-response (short-term i.e., SMES) storage and long-lasting storage (long-term i.e.,
PHES) have proven to be efficient in distribution networks.
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