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Abstract: At present, energy demands are mainly covered by the use of fossil fuels. The process
of fossil fuel production increases pollution from oil extraction, transport to processing centers,
treatment to obtain lighter fractions, and delivery and use by the final consumers. Such polluting
circumstances are aggravated in the case of accidents involving fossil fuels. They are also linked to
speculative markets. As a result, the trend is towards the decarbonization of lifestyles in advanced
societies. The present paper addresses the problem of the optimal sizing of a hybrid renewable energy
system for scheduling green hydrogen production. A local system fully powered by renewable
energies is designed to obtain hydrogen from seawater. In order to monetize excess energy, the grid
connection of the system is considered under realistic energy market constraints, designing an hourly
purchasing strategy. This crucial problem, which has not been taken into account in the literature,
is solved by the specific dispatch strategy designed. Several optimization methods have been used
to solve this problem; however, the scatter search method has not previously been employed. In
this paper, the problem is faced with a novel implementation of this method. The implementation
is competitive in terms of performance when compared to, on the one hand, the genetic algorithm
and differential evolution methods, which are well-known state-of-the-art evolutionary algorithms,
and, on the other hand, the optimal foraging algorithm (OFA), a more recent algorithm. Furthermore,
scatter search outperformed all other methods in terms of computational cost. This is promising for
real-world applications that require quick responses.

Keywords: green hydrogen; optimization; scatter search; evolutionary algorithms; dispatch strategy

MSC: 90C59; 68W50

1. Introduction

The more developed societies become, the greater the increase in energy demand.
Currently, this demand is mainly met by the use of fossil fuels. Fossil fuels are limited
resources linked to both economic and availability uncertainties. They also have undesirable
climatic effects. These factors bring to light the vulnerability of energy markets and the non-
sustainability of energy systems. In order to manage such circumstances, the governments
of many countries are promoting the transition to clean energy. For decades, around 80%
of the global energy mix has been supplied by fossil fuels. This percentage will drop below
75% by 2030 and will be slightly above 60% by 2050 [1].

In order to meet this demand, various renewable energy sources are currently being
employed to support traditional energy sources such as solar photovoltaic, wind, geother-
mal, and marine energy. The technologies to obtain energy from the sun and wind are
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particularly mature [2,3]. However, unpredictable changes in nature have an impact on
energy production. Therefore, energy storage systems are necessary to overcome this issue.

Hydrogen is considered an energy carrier, because of its ability to store energy, which
can be retrieved when needed. The energy contained in hydrogen can be more than twice
that contained in petroleum derivatives. Hence, many countries are turning their attention
to hydrogen as an alternative to fossil fuels. However, hydrogen is not naturally present
in our environment. It is present as a mixture with other elements, such as oxygen in the
case of water or carbon in the case of hydrocarbons. It takes a lot of energy to dissociate
hydrogen and oxygen from water. When such energy is obtained from renewable energy
sources, the term green hydrogen is used because of the lack of carbon emissions into
the atmosphere.

The motivations of this research were twofold. On the one hand, we aimed to demon-
strate that the Canary Islands have the ideal conditions to produce green hydrogen and,
therefore, to collaborate in the decarbonization of an isolated energy system and, on the
other hand, to test a novel implementation of the scatter search method, which provides a
novel procedure to combine solutions. In the present paper, several scenarios are considered
for designing the main components of a grid-connected plant to schedule the production of
hydrogen from renewable energy sources. A dispatch strategy is designed and explored to
evaluate these scenarios. This dispatch strategy takes into account the connection to the
grid to deliver excess energy under the constraints of the energy market. The evolutionary
approach provided by scatter search is used to solve this problem. The main contributions
of this paper are described below:

*  The optimal sizing of a grid-connected hybrid renewable system with hydrogen tech-
nologies is addressed, while several optimization techniques are applied. A novel
implementation of scatter search is applied in the present study and its performance
is compared with methods obtained from the literature. In addition, scatter search
has not previously been used to solve this kind of problems. Both the novel im-
plementation and its use in an unexplored field permit a broader understanding of
the method.

* Renewable system alternatives are designed using climatological data, which are
obtained from Copernicus [4]. Copernicus is the Earth observation component of the
European Union’s Space Programme. It offers information services that draw from
satellite Earth Observation and in situ (non-space) data.

*  The optimal sizing is addressed to meet the scheduled hydrogen demand. The dis-
patch strategy designed allows excess energy to be delivered to the grid according
to market constraints. Considering such realistic constraints avoids oversizing the
energy system.

This paper is organized as follows: Section 2 explores the related literature. Section 3
introduces the materials and methods. It includes the proposed system layout, the mathe-
matical modeling of the main devices, the problem formulation, the optimization process,
and the scope of the experiment. Section 4 displays the results. Section 5 provides a
discussion. Finally, Section 6 gives the conclusions.

2. Literature Review

This is followed by a review of the literature, in order to expose some of the identified
gaps that this study addresses.

2.1. Optimal Sizing of Hybrid Renewable Energy Systems

Many authors have studied the optimal sizing of hybrid renewable energy systems.
The main objective consists of determining the dimensions of system devices, while eco-
nomic and technical indicators are taken into account. Katsigiannis and Georgilakis [5] used
simulated annealing and Tabu search to optimize a small autonomous power system with
minimal energy cost. The system contained wind turbines, photovoltaic panels, a diesel
generator, a biodiesel generator, fuel cells, and batteries. Alshammari and Asumadu [6]
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studied the optimal design of a hybrid renewable energy system considering wind, pho-
tovoltaic, biomass, and battery technologies. Harmony search, Jaya, and particle swarm
optimization algorithms were used to meet the electricity demand in a cost-effective, effi-
cient, and reliable manner. Maleki et al. [7] applied an improved harmony search algorithm
for optimal sizing of a hybrid system based on solar photovoltaic and battery storage
units. Fares et al. [8] solved the optimal sizing of a hybrid energy system based on pho-
tovoltaic installations, wind turbines and battery storage. The performance of several
metaheuristics was compared. He et al. [9] proposed a hybrid electrical-thermal energy
storage system for optimal sizing of a renewable hybrid system based on photovoltaic
panels and wind turbines. They employed particle swarm optimization as an optimization
method. Saha et al. [10] optimized the size of a photovoltaic-, biomass-, and battery-based
hybrid system to electrify an isolated village. They employed the discrete gray wolf opti-
mization algorithm to minimize the net present cost under technical, social, and economic
constraints. These references considered the use of batteries as energy storage systems,
which are widely employed to this end [11]. However, they are not recommended for
long-term operations [12].

2.2. Optimal Sizing of Hybrid Renewable Energy Systems with Hydrogen Technologies

Focusing on promising alternatives for energy storage, many efforts have been cen-
tered on optimizing the size of energy systems based on renewable sources and hydrogen
technologies. For this purpose, several optimization techniques have been used, which
can be classified as classical, software simulation tools, and modern techniques. Classical
optimization includes methods such as mixed integer programming [13] or iterative meth-
ods [14]. The complexity of the problem to be solved influences the classical techniques.

In terms of software simulation tools for the design of renewable systems, HOMER, (Hy-
brid Optimization Model for Electric Renewables) is the most widely used. Lacko et al. [15]
considered a system based on solar photovoltaic arrays and wind turbines that included
hydrogen technologies to achieve the lowest total net present cost. Das et al. [16] analyzed
the feasibility of systems based on photovoltaic, battery, and fuel cells to minimize the
total net present cost and cost of energy. Duman and Giiler [17] studied the energy cost of
systems based on solar photovoltaic arrays and wind turbines, including hydrogen tech-
nologies. Such tools are very useful when designers do not require exhaustive control of the
optimization process. Numerous studies have been conducted in which modern techniques
were applied and a customized optimization process was developed. Mohseni et al. [18]
optimized the size and typology of the components of an isolated microgrid system with hy-
drogen technologies. They proposed a metaheuristic-based approach, which was compared
with several metaheuristics to reduce the total net present cost. Siddiqui and Dincer [19]
optimized a renewable energy system to produce electricity, hydrogen, and ammonia
based on solar photovoltaic panels and wind turbines. A genetic algorithm was used to
obtain minimum cost rates and the maximum energy efficiency. Sun et al. [20] used the
whale optimization algorithm for the optimal design of a hybrid photovoltaic, biowaste,
and fuel cell system based on hydrogen energy storage. They minimized the total net
present cost under reliability constraints. El-Sattar et al. [21] addressed the optimal size of
an isolated hybrid system to meet electricity demand with a cost improvement. The main
configuration of the system included biomass, photovoltaic modules, electrolyzer units,
hydrogen tank units, and a fuel cell system. They used the mayfly optimization algorithm
(MOA) to meet the demand with the lowest energy cost and greenhouse gas emissions.
Elnozahy et al. [22] proposed an electrical /green hydrogen generation system based on
photovoltaic, battery, and hydrogen technologies. They employed particle swan optimiza-
tion, taking into account the levelized cost of energy, the net present cost, and the capability
to meet the demand. Hou et al. used various modified harmony search algorithms for the
sizing of a standalone solar-hydrogen system in green buildings. The objective function
was based on the probability of loss of power supply and the annual cost of the system.
Giiven and Mengi [23] developed a comparison of several metaheuristic algorithms for the
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sizing of an isolated hybrid energy system. They proposed an atom search optimization
algorithm, which outperformed all other algorithms. They considered the annual cost
of the system as the main criterion during the optimization process. Phan-Van et al. [24]
designed a microgrid based on photovoltaic, electrolyte, fuel-cell, battery, and hydrogen
technologies. Several metaheuristic optimization algorithms were employed. The particle
swarm optimization algorithm outperformed the other methods. In these cases, isolated
systems were designed to meet the demand.

The most commonly studied hybrid renewable systems are those separated from the
grid (off-grid). In these cases, the excess energy flux is wasted once the energy storage
systems are full. Moreover, isolated systems cannot import energy when needed. When
hybrid renewable systems are connected to the grid (on-grid), excess energy flux can be
leveraged and energy shortages covered. An extensive review on hydrogen and grid
connection was developed by Irham et al. [25]. Several studies have considered the opti-
mal sizing of grid-connected renewable hybrid systems with hydrogen technologies. In
this sense, Garcia-Trivino et al. [26] sized a grid-connected hybrid system including solar
photovoltaic arrays, wind turbines, batteries, and hydrogen technologies. Gharibi and
Askarzadeh [27] studied the optimization of a hybrid system connected to the grid based
on solar photovoltaic arrays, wind turbines, a diesel generator, and hydrogen technologies.
They introduced a grid factor as a decision variable to optimize the amount of electricity
sold. Okundamiya [28] demonstrated the size optimization of a grid-connected hybrid
system based on photovoltaic and fuel cells. The system was designed to avoid power loss
at certain times due to the connection to an unreliable grid. Le et al. [29] presented the
optimization of the design and operation of a grid-connected hybrid energy system based
on photovoltaic, battery, and hydrogen technologies. The connection to the grid allowed
energy to be imported when needed. Not taking energy from the grid is a requirement for
the production of green hydrogen. Therefore, in the present study, the grid connection was
considered exclusively to provide energy. The reality of complex energy systems does not
allow the full excess flux to be leveraged from on-grid renewable systems. Hour by hour,
energy companies declare the energy that they can accept from each renewable energy
source, which is an aspect that is normally underestimated.

2.3. Scatter Search to Solve Engineering Optimization Problems

Scatter search (SS) [30] is an evolutionary algorithm for optimization, in which a
moderately sized set of solutions evolves due to intelligent mechanisms of combination
and selection. Unlike the usual strategies in evolutionary optimization, the search for a
local optimal solution is a guided task. The basic concepts and principles of SS arose in the
1970s, based on strategies combining decision rules and constraints [31]. However, scatter
search remains an object of research. Like any other metaheuristic, scatter search can have
a good performance for some problems or instances, and not such a good performance
for others. Advances in its application can be achieved in two main directions. On the
one hand, by exploring its application to types of problems where it has not been tested,
thus broadening the field of successful applications. On the other hand, by making the
necessary adjustments so that the performance improves and can be competitive with the
state-of-the-art procedures in a specific field of application.

Scatter search is an evolutionary metaheuristic that, unlike most evolutionary meta-
heuristics such as differential evolution, does not work with a large population of solutions
that evolve in the search space, but with a moderately sized set of solutions called the
“Reference Set”. Here, we are talking about a reference set of no more than 10, 15, or 20 solu-
tions, instead of a population of hundreds, or even thousands. Another distinctive feature
of scatter search is that the role of randomness is reduced in the combination of evolving
solutions to obtain new solutions that improve the exploration and exploitation capacity of
the metaheuristic. Thus, instead of making many combinations to take advantage of only
the most promising combinations, the aim is to select and combine those solutions that
can lead to significant improvements in the quality and diversity of the reference set itself.
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In addition, the combination of solutions also tries to reduce the role of randomness by
allowing the combinations to take advantage of the good characteristics of the combined
solutions. Finally, in order to maintain a reference set that is composed of both high-quality
solutions and essentially different solutions, the resulting combinations or their improve-
ments through local searches are incorporated into the reference set for two reasons. On
the one hand, because they consist of higher-quality solutions than those already included
in the reference set, or because, without neglecting quality, they give a greater degree of
dispersion to the reference set, while keeping its size limited.

The metaheuristic SS works as follows. In order to create a population of solutions, a
reference set of moderate size is generated. This set evolves to intensify and diversify the
search based on its solutions. Some solutions of the reference set are combined, and a local
search procedure is applied to the resulting solutions. Then, the reference set is updated by
including both the good and dispersed solutions obtained. These steps are repeated until no
improvement is obtained or another stopping condition is met [30]. Scatter search (SS ) has
been successfully applied to solve complex optimization problems [32]. In Silva et al. [33],
the simultaneous optimization of fuel emission and cost objectives was explored by devel-
oping an improved SS Tan et al. [34] applied SS to address a scheduling problem to opti-
mize an energy-efficient continuous steelmaking casting process. Pérez Posada et al. [35]
used the SS heuristic for the optimal location, sizing, and contract pricing of distributed
generation in electric distribution systems. Stojiljkovic et al. [36] employed SS to solve a
multi-objective bi-level optimization problem regarding the design and operation of an
energy supply system. However,SS has never been used for the optimal sizing of energy
systems based on renewable sources and hydrogen technologies. In addition, the scatter
search implementations used by the authors of the present research combine two solu-
tions to achieve a new one. The novel implementation in the present research consists of
combining a scaled difference of two solutions with a third solution, which provides good
performance, as demonstrated.

In the present paper, this method is explored and its results are compared with those
obtained from the use of differential evolution [37], the genetic algorithm proposed by
Holland [38], and the optimal foraging algorithm (AFO). Both differential evolution and
the genetic algorithm are well-known and well-regarded among the state-of-the-art of
evolutionary methods. Differential evolution was designed as a stochastic direct search
method that uses a vector population. Information from the vector population is employed
to alter the search space. Differential evolution has been used to solve the optimal sizing of
energy systems based on renewable sources. Ramli et al. [39] applied a multiobjective dif-
ferential evolution algorithm for the sizing optimization of a solar, wind, and diesel hybrid
microgrid system with battery storage. Yang and Le [40] developed a techno-economic
optimization of a standalone system based on solar, wind, and battery. To solve the problem,
they proposed a multi-objective differential evolution algorithm. In addition to considering
hydrogen technologies, Abedi et al. [41] employed differential evolution to solve mixed
integer non-linear optimization problems by considering a hybrid photovoltaic/wind/fuel
cell energy system. In their research, the differential evolution outperformed another
well-known evolutionary method (particle swarm optimization). The genetic algorithm
proposed by Holland was the first population-based method. Mimicking the natural pro-
cesses of genetic variation and inheritance, the population evolves through a series of
operators, such as selection, reproduction, and mutation [42]. Nagapurkar and Smith [43]
developed a techo-economic optimization of a microgrid using genetic algorithm to mini-
mize the levelized cost of energy. The optimal foraging algorithm [44] was tested by the
authors on a benchmark and compared to several methods. The algorithm proved to be
very competitive; however, it has not been used to solve the problem addressed in this
research. Optimization with evolutionary algorithms can be an unfeasible approach for
solving real-world engineering problems, due to the high computational cost. In this sense,
SS can be a less costly method.
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Therefore, some gaps in the state of the art concerning the optimal sizing of energy
systems based on renewable sources and hydrogen technologies have been identified.
These are dealt with in this paper.

3. Materials and Methods

This section presents the proposed energy system, as well as the mathematical model-
ing of its constituent devices and the formulation of the optimization problem. Then, the
optimization process is detailed, including the dispatch strategy developed and the scatter
search implementation proposed. In addition, the scope of the experimentation is given.

3.1. System Layout

This study proposes an energy system based on renewable sources and hydrogen
technologies. The system basically consists of solar photovoltaic panels (PV), wind turbines
(WT), a battery bank, an electrolyzer, and a hydrogen tank (H, TANK). An inverter (INV)
is used to transform the energy coming from the photovoltaic solar panels, and a converter
(CON) is used to transform the energy related to the battery bank. The main components
of the system are shown in Figure 1.

I
@
/N

DC
g’
¥ 1

! |

CoN 1|1A¢ ELECTROLYSER
IDC l
BATTERY H, TANK
BANK

Figure 1. Hybrid system configuration layout.

Basically, energy from renewable sources powers the system. Since alternating current
(AC) is needed, an inverter is used to transform power from the solar photovoltaic panels.
Therefore, power is transformed from direct current (DC) to alternating current (AC).
The power from wind turbines does not need to be transformed. This power feeds an
electrolyzer, which produces hydrogen from water. The hydrogen produced is stored in a
tank. A battery bank is used to store excess power or to supply power to the electrolyzer
when the energy from renewable sources is not sufficient. The power going to the battery
bank must be transformed to direct current (DC) by the converter. In Figure 1, the grid
connection of the system can be seen. When the battery bank is full of charge, excess power
can be delivered to the grid. In order to ensure the green production of hydrogen, power is
not taken from the grid. The mathematical models used are detailed below.

3.2. Mathematical Modeling of System Units

This subsection describes the mathematical modeling of the main units of the system.
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3.2.1. Photovoltaic Modules

Light energy is converted into electrical energy by photovoltaic modules. Before
calculating the generated power, the temperature of the cell must be evaluated. In the
present study, Equations (1) and (2) are employed to determine the cell temperature at
time (T¢(t)) and to compute the expected power output of a photovoltaic module at time
(PVy(t)), respectively [7].

Te(t) = 1) 02 ) + T <1>
PVy(t) = PR,PV(;}E;L) (1+97(Tc(t) — Trer)) 2)

where I(t) is the irradiance at time, Tyocr is the cell temperature at normal operating
conditions (45 °C), T4 (t) is the ambient temperature at time, Pg py is the rated power of
the panel (500 W), Rgrgr is the reference solar radiance, dt is the temperature coefficient
of the maximum power of the photovoltaic modules (—0.0037), and Trgr is the reference
temperature of the solar cell (45 °C). In order to transform solar power, an inverter is used
(inverter efficiency #;,, = 0.965).

3.2.2. Wind Turbines

Wind energy is converted into electrical energy by employing wind turbines. Follow-
ing the power law in Equation [45], the wind speed captured at the height of the measuring
device must be converted to the height of the hub (see Equation (3)).

O hh 1
o= (i) o

where v, is the wind speed at the reference height k,, v}, is the wind speed at the height
of the hub &y, (55 m), and ;4 is the friction coefficient (0.14 m). The power output of the
wind turbine considered for the study (Pyr = 660 kW) follows the power curve provided
in Figure 2. It can be seen that the wind turbine does not operate at wind speeds below
4m/s or above 25 m/s.

Wind Turbine Power Curve
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Figure 2. Wind turbine power curve.

3.2.3. Battery Bank

The non-constant nature of renewable sources implies that energy is not guaranteed.
Therefore, it is necessary to use a battery bank to supply power to the electrolyzer. In
addition, excess energy from renewable sources can be stored in a battery bank. The bank’s
capacity (Cpar) is designed to satisfy the electrolyzer for a determined number of hours
(NH). This is calculated using Equation (4) [46].
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Cere-NH
DOD - gar - iconv

where Cr f is the electrolyzer’s capacity, NH is the number of hours of autonomy of the bat-
tery bank, DOD is the depth of discharge (80%), #7paT is the battery bank'’s efficiency (96%),
and 77conv is the converter’s efficiency (95%).

On the one hand, the battery bank can supply power to the electrolyzer when the
renewable energy is insufficient. However, the battery bank can store excess energy when
the renewable energy exceeds the capacity of the electrolyzer. In order to verify that the
capacity of the battery bank is not exceeded, the virtual state of charge (VSOC) must be
calculated as shown in Equation (5).

Cpar =

(4)

P
VSOC = Ppary (1 —a2) + (PREN - (7;2};) ) 1coNV (5)

where Pp47, is the state of charge of the battery bank at the previous time step, a; is the
hourly self-discharge rate (0.0001), Prry is the available renewable power, Pr; g is the power
consumption of the electrolyzer, and g g is the electrolyzer’s efficiency. On the other hand,
in order to check that the capacity of the battery bank is not below the minimum state of
charge, the virtual state of discharge (VSOD) must be calculated as shown in Equation (6).

P
VSOD = P, (1 — a) — (NEEDED> (6)
BAT * JCONV
where PNrepep is the power needed to meet the energy demand of the electrolyzer, which
is explained in detail in Section 3.4.2.

3.2.4. Electrolyzer and Hydrogen Storage Tank

An electrolyzer is a device whose function consists in dissociating hydrogen and
oxygen from water. An electrolyte separates an anode and a cathode. When the electric
current passes through the electrolyte, a chemical reaction takes place. In the present study,
a proton-conducting exchange membrane electrolyzer (PEM) is considered. The hydrogen
produced is stored in the hydrogen tank. The energy consumed by the electrolyzer (Pgrr)
during the process is expressed by Equation (7).

Perg = (PReN + PBAT - BAT - 1CONV )YELE (7)

where Pp 47 is the current state of charge of the battery bank. The mass of hydrogen obtained
during the process depends on the energy available in the electrolyzer. Furthermore, the
production of hydrogen at time H(t) is limited by the capacity of the electrolyzer, as
explained in Equation (8).
P
HZ(t) = % < HTax 8)

where ECK is the consumption energy per kilogram of hydrogen produced (55 kWh/kg [47])
and HT,y is the maximum capacity of the hydrogen storage tank.

3.3. Problem Formulation

The problem formulation takes into account economic, production, efficiency, and
reliability indicators. The main objective of this study consists of proposing the optimal com-
bination of system devices to minimize the energy cost (EC) and the wasted energy (WE),
while maximizing the energy delivered to the grid (Psorp). The daily demand of hydrogen
must be met, which is guaranteed by a penalty. The objective function of the problem is
shown in Equation (9).

miny(OF) = B1EC — B2Psorp + BsWE + Penalty 9)
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where §; are the normalization factors used to balance the objectives of the objective func-
tion. They must guarantee the normalization of the objectives to values between 0 and 1.
The values that guarantee such a condition are 1, 1077, and 10° to 1, B2, and B3, respec-
tively. Furthermore, X depicts the decision variables of the problem, which are shown in
Equation (10).

X = (PVy WTy Pgr g NH) (10)

where PVy is the number of solar photovoltaic modules, WTy is the number of wind
turbines, Prr g is the dimension of the electrolyzer (kWh), and NH is the number of hours
of autonomy of the battery bank, as explained above.

The economic indicator is represented by the energy cost. In order to compute this
indicator, the total net present cost (TNPC) must be calculated as shown in Equation (11) [16].
The TNPC depicts the main investment and operating expenditures over the project lifetime.

ACS

TNPC = CRE (11)

where ACS is the annualized cost of the system (€/year) and CRF denotes the capital
recovery factor, which is computed using Equation (12).

(12)

where i, is the annual rate of interest, and 7 is the system’s lifetime (25 years). Furthermore,
ir is computed using Equation (13), which considers the interest rate (int) (6%) and the
inflation rate (4%).

int — inflation rate

— 1
LA S inflation rate (13)

Regarding ACS, it is composed using the annualized cost of the system’s devices
(ACD;), as shown in Equation (14).

ACS = ACDpy + ACDjnv + ACDwr+

14
+ACDBAT+ACDCONV+ACDELE + ACDgyr ( )

Furthermore, the annualized cost of each device is composed of its annual capital
cost (ACC), annual replacement cost (ARC), and annual operation and maintenance cost
(AOMC) (see Equation (15)).

ACD; = ACC; + ARC; + AOMC; (15)

Therefore, it is necessary to compute these terms in relation to the number of pho-
tovoltaic modules; the number of wind turbines; and the dimensions of the inverter,
the battery bank, the converter, the electrolyzer, and the hydrogen tank. For each de-
vice i, its lifetime must be used to compute both its ACC; (see Equation (16)) and its
ARC; (see Equation (17) [48]).

ACC; = CRF; x CC; (16)
(LTyys — LT;)
ARC; = RC; x ~—¥ =1 (17)
LT,

where CC,; is the capital cost of the device i, RC; is the replacement cost of the device i, LTsys
is the lifetime of the system, and LT; is the lifetime of the device i. Finally, the energy cost
EC can be computed using Equation (18).
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EC(€/kWh) = LNPC(€) x CRF (18)
X177 Pren (kWh)

The production indicator is depicted by the energy delivered to the grid (Psorp). When
the renewable energy produced exceeds the maximum capacity of both the electrolyzer
and the battery bank, a portion of this energy can be delivered to the grid, which is an
objective to maximize. However, the company that manages the energy market plans on a
day-to-day basis how much renewable energy it will receive from the producers. Therefore,
not all excess energy will be absorbed by the grid. Excess energy that is not absorbed is
wasted energy (WE). This is the efficiency indicator considered in the objective function,
which is an objective to minimize (see Equation (19)).

8760 Prip
WE = Prpgy — ——= — P, 19
; < REN = SOLD> (19)

Finally, the reliability indicator is included in the objective function as a penalty
function. Its function consists of penalizing solutions where the daily hydrogen demand
is not met. Such a circumstance is controlled by computing the daily loss of hydrogen
production probability (LHPP), as explained in Equation (20).

365 —
LHPP — 2(1 _ (DHzDUHzD (20)
Hy

1

where Dy, is the daily hydrogen demand and Uy, is the daily unmet hydrogen demand.
The problem is subject to some limit values and constraints, as shown in Equation (21):

PVN,,,,-n < PVn < PVNpur

WTy, . < WTy < WTy,,,

PerE,., < PELE < PELE, 00 (21)
NHmin < NH < NHjuax

LHPP =0

3.4. The Optimization Process

Next, the simulation process and the dispatch strategy are shown in detail. Moreover,
the scatter search implementation is exposed.

3.4.1. The Simulation Process

The simulation process is depicted in Algorithm 1.

It can be seen that the algorithm starts by reading the configuration file, in which the
limit values of the decision variables and the stopping criterion are set. Next, the ambient
temperature, wind speed, and solar irradiance are extracted from the meteorological data
source. Finally, the renewable energy demand is achieved from the energy market.

Once these data are available, the optimization process starts. For the daily demand
of hydrogen and the configuration of the optimization method a population must be
generated. Each individual in the population must be evaluated. Therefore, once the
energy generated from renewable sources has been computed, the dispatch strategy is
simulated, the objective function is evaluated, and the population is updated. The optimizer
evolves the population until reaching the stopping criterion.
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Algorithm 1 Algorithm of the simulation process.

1: parameters <— config.txt

2. Ta(t),v,(¢), I(t) < meteo ()

3: Deoric, Dsorar ¢ market ()

4: for <Hydrogen demands> do

5 for <method conditions> do

6: Generate Population

7: Compute Renewable Power

8 Simulate Dispatch Strategy
9: Evaluate Objective Function
10: Update population

11: while <Stopping criterion> do
12: Evolve Population

13: Compute Renewable Power

14: Simulate Dispatch Strategy
15: Evaluate Objective Function
16: Update population

17: end while

18: end for

19: end for

3.4.2. The Dispatch Strategy

The dispatch strategy shown in Figure 3 explains the process of managing energy in
the system. Depending on the capacity of the electrolyzer (X3) and the number of hours of
autonomy (Xy), the maximum capacity of the battery bank can be computed (Cpar). The
process starts with a state of charge of the battery bank (Pgar,) of 80%. The daily demand
of hydrogen must be met over a time horizon of one year. At the end of every day, the
hydrogen tank is emptied.

Every hour, the available renewable energy (Prpn) feeds the electrolyzer. The daily
hydrogen demand (d,) must not be exceeded; therefore, the state of charge of the hydrogen
tank (HT) must be monitored. When the available renewable energy (Prgy) is less than
the energy required by the electrolyzer (X3), the energy needed is computed (PNeepED),
which must be provided by the battery bank (FROMpar). The state of discharge of the
battery bank (VSOD) cannot be less than 20% of Cpa7. Therefore, energy can be provided
from the battery bank to the electrolyzer under this condition. On the other hand, when
the available renewable energy exceeds the energy required by the electrolyzer, the battery
bank is supplied with energy (TOpar). The state of charge of the battery bank (VSOC)
cannot exceed its maximum capacity Cgar.

When the available renewable energy is not needed to feed the electrolyzer and the
battery bank, it can be delivered to the grid (Prxcgss). However, the energy market sets
hourly limits regarding the purchase of renewable energy. These limits are established in
relation to each energy source. Therefore, the energy excess must be computed for both
solar (Pexcess_pv) and wind (Ppxcess wr) energy. In addition, these hourly limits should
be shared by all energy producers. The present study considers that the system cannot
supply more than 5% of the hourly limits set by the energy market, (Syy7) and (Spy).

The available renewable energy that is not employed for the electrolyzer or the battery
bank, or that is not delivered to the grid, is considered wasted energy (DUMP). At the
end of the day, the unmet demand for hydrogen must be computed, in a process that is
repeated every day of the year.
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Figure 3. Dispatch strategy.
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3.4.3. The Scatter Search Implementation

The scatter search (SS) implementation developed in the present paper is shown by
Figure 4. It is explained as follows:

1. A population of individuals (candidate solutions) is randomly created.

2. A reference set of solutions is generated using the best adapted individuals in the
population and the most diverse with respect to the best. The best adapted individuals
are those with the best value for the objective function. The most diverse individuals
are obtained from the remaining individuals through a iterative selection of the
most diverse solutions in the population with respect to the solutions already in the
reference set.

3.  The best individuals in the reference set are combined. The way in which these
individuals are combined follows Equation (22). When the value of the objective
function of a new individual is better than any of the previous best individuals in the
reference set, this new individual replaces the previous best individual.

new;,; = abs(indy + M - (indp — inds)) (22)

In this Equation, new;,; is the created individual, ind; to inds are the individuals
combined to create the new individual, and M is a scaling factor between 0.1 and 0.9.

4. The best individuals from the reference set are also combined with the most diverse
ones using Equation (22). Now, the most diverse individuals are selected for the
reference set. When a new individual is more diverse than that of any of the previous
diverse individuals in the reference set, this new individual replaces the previous
best individual.

5. These two steps are repeated until the stopping criterion is reached.

Next, the procedure is illustrated using an example. In this case, the aim is to generate
a reference set of 5 individuals (the 3 best adapted and the 2 most diverse regarding the
previous individuals). A population of 8 individuals (ind. 1 to ind. 8), which is shown
in Table 1, is randomly generated. In the example, each individual has 4 characteristics
(ch. 1 to ch. 4) that take integer values between 1 and 10. The value of the objective func-
tion (OF) is shown in column 6 of Table 1. In the example, it consists of the sum of the
characteristics of each individual. Next, the population is ordered according to the value of
the objective function, as shown in Table 2. Therefore, the first three individuals in Table 2
are the best adapted, so they are selected for the reference set (individuals 6, 2, and 1).

Table 1. Population of the example.

Individual Ch. 1 Ch. 2 Ch. 3 Ch. 4 OF
ind. 1 4 4 4 9 21
ind. 2 7 5 6 9 27
ind. 3 6 5 2 1 14
ind. 4 3 7 2 0 12
ind. 5 1 2 8 2 13
ind. 6 1 9 10 9 29
ind. 7 2 3 3 1 9
ind. 8 3 7 5 4 19




Mathematics 2024, 12, 3848 14 of 34

Table 2. Ordered population of the example.

Individual Ch.1 Ch. 2 Ch. 3 Ch. 4 OF
ind. 6 1 9 10 9 29
ind. 2 7 5 6 9 27
ind. 1 4 4 4 9 21
ind. 8 3 7 5 4 19
ind. 3 6 5 2 1 14
ind. 5 1 2 8 2 13
ind. 4 3 7 2 0 12
ind. 7 2 3 3 1 9

CREATE
POPULATION
v
EVALUATE
POPULATION
v
SELECT THE
BEST ADAPTED
v
COMPUTE & SELECT
THE MOST DIVERSES
v
CREATE THE
REFERENCE SET
(BEST+DIVERSES)
v
COMBINE THE BEST FROM
»| THE REFERENCE SET AND
SELECT THE NEW BEST
v

COMBINE THE NEW BEST &
DIVERSES FROM THE
REFERENCE SET AND

SELECT THE NEW DIVERSES

v

UPDATE THE
REFERENCE SET
(BEST+DIVERSES)

¥

STOPPING
CRITERIA
REACHED?,

Figure 4. Flow chart of the scatter search implementation.

In order to select the most diverse individuals, each best individual is subtracted as an
absolute value with respect to the individuals not selected. As an example, the subtraction
of the best individual (ind. 6) and the first from the remainder (ind. 8) gives a value
of [1—=3|+19—7|+]10 — 5| + |9 — 4| = 14. Once all subtractions have been computed,
Table 3 is generated. Each column relates to each best individual (individuals 6, 2, and
1), and each row relates to each subtraction in absolute value regarding the individual
indicated. Next, the minimum value for each row in Table 3 is chosen, and finally, the
maximum value of the minimum values previously identified (marked in bold) is the most
diverse individual. In the example, the most diverse individual is the individual identified
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as ind. 5. The procedure of identifying the most diverse individuals is repeated using the
best and most diverse individuals previously identified. The result is shown in Table 4,
where the 3 best individuals and the 2 most diverse individuals are displayed. These are
the reference set.

Table 3. Distance between the best and the remaining individuals.

Individuals Ind. 6 Ind. 2 Ind. 1
ind. 8 14 12 10
ind. 3 25 13 13
ind. 5 16 18 16
ind. 4 21 19 15
ind. 7 22 18 12

Table 4. Reference set: the best adapted and most diverse individuals.

Individuals Ch. 1 Ch. 2 Ch. 3 Ch. 4
Bestl—ind. 6 1 9 10 9
Best2—ind. 2 7 5 6 9
Best3—ind. 1 4 4 4 9
Diversel—ind. 5 1 2 8 2
Diverse2—ind. 3 6 5 2 1

The procedure for updating the reference set continues by combining the best in-
dividuals as shown in Equation (22). As an example, the combination of an individual
(ind. 6) and the remaining individuals (ind. 2 and ind. 1) provides a new individual,
characteristic by characteristic. As an example, the value of the M parameter is set to 0.6.
The value of ch. 1 when ind. 2 minus ind. 1 is considered in Equation (22) and calculated
as |1+ 0.6 x (7 —4)| = 2.8. Both alternatives are taken into account; therefore, the value of
ch.1 when ind. 1 minus ind. 2 considered in Equation (22) is |1 4 0.6 x (4 —7)| = 0.8. The
set of individuals obtained after these combinations are shown in Table 5. They have been
reordered according to their fitness function and selected by the number considered (the
first 3 for the example case). All other individuals have been discarded.

Table 5. The result of combining and ordering the best individuals.

Ch.1 Ch. 2 Ch. 3 Ch. 4 OF
2.8 9.6 11.2 9 32.6
52 8 9.6 9 31.8

1 9 10 9 29
7 5 6 9 27
0.8 8.4 8.8 9 27
8.8 2 24 9 222
0.4 6.4 6.4 9 222
4 4 4 9 21
7.6 1.6 1.6 9 19.8

The three best adapted individuals should then be combined with the two most diverse
individuals previously identified by following Equation (22). As an example, the combination
of the first characteristic of the new best individual and the most diverse individuals from the
reference set (ind. 5 and ind. 3) provides a value of |2.8 + 0.6 x (1 — 6)| = 5.8. The individuals
generated are shown in Table 6.
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Table 6. The result of combining the best and the most diverse individuals.

Ch.1 Ch. 2 Ch. 3 Ch. 4
5.8 11.4 7.6 8.4
0.2 7.8 14.8 9.6
8.2 9.8 6 8.4
22 6.2 13.2 9.6

4 10.8 6.4 8.4
2 7.2 13.6 9.6

After repeating the procedure to select the most diverse individuals, a reference set

will be formed again by the three best adapted and the two most diverse individuals. The
reference set obtained after the first iteration of the example is shown in Table 7. This is
updated iteratively following the above rules.

Table 7. The reference set.

Individual Ch. 1 Ch. 2 Ch. 3 Ch. 4
Bestl 2.8 9.6 11.2 9
Best2 5.2 8 9.6 9
Best3 1 9 10 9

Diversel 6 5 2 1
Diverse2 1 2 8 2

3.5. Scope of the Experiment

This paper explored differential evolution, a genetic algorithm, the optimal foraging

algorithm, and scatter search to achieve the optimal sizing of a hybrid renewable system
with hydrogen technologies. The differential evolution, genetic algorithm, and optimal
foraging algorithm implementations were taken from PlatEMO [49]. The aim of the ex-
periment was to explore the performance of the methods and compare their performance.
These algorithms include certain configuration parameters, as shown in Table 8. The main
parameters used to configure these methods are described as follows:

Mutation Probability (PrM): This parameter depicts the probability of the number of
genes that will mutate. The value of PrM considered was equivalent to 1/decision
variables when differential evolution was used. When the genetic algorithm was
employed, two more probabilities were used, one above and the other one below this
central value (1.5/decision variables and 0.5/decision variables, respectively).
Mutation Distribution (disM): This parameter is the distribution index of polynomial
mutation. After checking that it had little effect on the optimization process, it was set
to the typical value of 20. This parameter was used for both the differential evolution
and the genetic algorithm.

Crossover Probability (PrC): This is the probability of performing a crossover when
the genetic algorithm is used. The crossover operator has an impact on the creation of
new individuals. It was set to 1 in this case.

Crossover Distribution (disC): This is the crossover distribution index when the genetic
algorithm is used. After checking that it had little effect on the optimization process,
this was set to the typical value of 20.

Crossover Rate (CR): This differential evolution operator favors the mixing of ge-
netic information between individuals to create new individuals. Depending on the
crossover rate, each gene is crossed (or not). The crossover rate was set at 0.9 (its
typical value ranges between 0.1 and 1 [50]) given that a high value tends to speed up
convergence [37].

Scale Factor (F): This differential evolution parameter is used to scale the difference
vector that is employed by the mutation operator. This operator adds a scaled differ-
ence vector from two chosen chromosomes to a third chromosome, in order to alter
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the genes of the chromosome. Typical values range from 0.4 to 0.9 [50]. In the present
study, values of 0.5, 0.7 and 0.9 were tested.

A parameter exclusively used by the optimal foraging algorithm (1) is randomly
generated in the implementation of the method. This parameter, which takes values
between 0 and 1, is used to replace solutions. Regarding the scatter search method, the
main parameters considered to generate the reference set are the number of best adapted
individuals and the number of most diverse individuals. In scatter search, the reference
set is about one order of magnitude smaller than in genetic algorithms [32]. In the present
research, with an overall number of 20 individuals, several options were tested, as can be
seen in Table 8. Regarding the factor used to create new individuals (M), after testing a
range of values between 0.1 and 0.9 (including random generation), the most promising
value was 0.6.

Populations of 50, 100, and 150 individuals were tested for the differential evolution,
the genetic algorithm, and the optimal foraging algorithm methods. Similar values were
considered to generate the initial population for the scatter search method, although
only 20 were selected for the reference set. This decision was taken with the idea of
starting the simulations from identical conditions. The stopping criterion consisted of
15,000 evaluations of the objective function. However, the number of evaluations needed to
reach the best value of the objective function was used to reveal the computational cost. The
number of simulations per configuration was thirty-one (for statistical purposes). Three
green hydrogen production scenarios were analyzed in order to schedule 100, 200, and
300 kg per day.

Table 8. Set of parameters for the optimization process.

Method PrC disC PrtM disM CR F Best Diverse M
0.5
DE - - 1 20 0.9 0.7 - - -
0.9
0.5
GA 1 20 1.0 20 - - - - -
1.5
OFA - - - - - - - - -
5 15
SS - - - - - - 10 10 0.6
15 5
Data Background

The area considered for the study is located in Arinaga, on the island of Gran Canaria,
Spain. As mentioned above, meteorological data were extracted from Copernicus for
all hours of the year 2022. Figure 5 shows the data regarding the ambient temperature
(Figure 5a) and solar irradiance (Figure 5b) in the area. Figure 6 shows the wind speed at
the height of interest.

As explained above, the grid connection of the hybrid renewable system with hy-
drogen technologies allowed excess energy to be supplied according to energy market
constraints. The energy market sets hourly solar and wind power purchase limits. In order
to create a demand profile to use in the study, such limits were observed on various days
over several weeks. These values were extrapolated and a profile was generated for all
hours of the year. The demand profiles regarding solar and wind purchase limits are shown
in Figure 7a,b, respectively.

Parameters regarding the devices considered in the design are shown in Table 9.
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Figure 5. Meteorological data used to compute renewable solar energy. (a) Ambient temperature;
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Table 9. List of system parameters.

Parameter Value
PVy,,.,,: Minimum number of solar photovoltaic modules 0
PVy,,..: Maximum number of solar photovoltaic modules 15,000
WTy,,,: Minimum number of wind turbines 0
WTy,,.: Maximum number of wind turbines 15
PrpE,,,: Minimum power of the electrolyzer (kWh) 200
PrrE,..: Maximum power of the electrolyzer (kWh) 3000
NH,,i;: Minimum autonomy of the battery bank (h) 1
NHyax: Maximum autonomy of the battery bank (h) 2
CCpy: Solar module capital cost (€/module) 2.5 x Pg py
CCinv: Inverter capital cost (€/kW) 800
CCwr: Wind turbine capital cost (€/unit) 120,000
CCpar: Battery capital cost (€/kW) 1000
CCconvy: Converter capital cost (€/kW) 800
CCkgrE: Electrolyzer capital cost (€/kW) 2000
CCyr: Hydrogen tank capital cost (€/kW) 1300
RCpy: Solar module replacement cost (€/module) 2.5 X PR pv
RCjnv: Inverter replacement cost (€/kW) 750
RCy1: Wind turbine replacement cost (€/unit) 120,000
RCpat: Battery replacement cost (€/kW) 1000
RCconv: Converter replacement cost (€/kW) 750
RCgrg: Electrolyzer replacement cost (€/kW) 1500
RCyr: Hydrogen tank replacement cost (€/kW) 1200
AOMCpy: Solar module annual operation and maintenance cost (€/module) 0.02 x CCpy
AOMCryy: Inverter annual operation and maintenance cost (€/kW year) 8
AOMCyr: Wind turbine annual operation and maintenance cost (€/unit) 500
AOMCg 7 Battery annual operation and maintenance cost (€/kW year) 5
AOMCcony: Converter annual operation and maintenance cost (€/kW) 8
AOMCE g: Electrolyzer annual operation and maintenance cost (€/kW) 25
AOMCyT: Hydrogen tank annual operation and maintenance cost (€/kW) 15
LTpy: Solar module lifetime (year) 25
LTinv: Inverter lifetime (year) 15
LTwr: Wind turbine lifetime (year) 20
LTgt: Battery lifetime (year) 5
LTconv: Converter lifetime (year) 15
LTy g: Electrolyzer lifetime (year) 20
LTyT: Hydrogen tank lifetime (year) 20

4. Results of the Optimization

The results obtained are shown below. First, the results obtained by applying the
differential evolution method are shown. Second, the results from the genetic algorithm
are displayed. Third, the results from the optimal foraging algorithm are given. Fourth,
the results obtained by applying the proposed scatter search method are shown. Finally,
a comparative study of scatter search with the other three methods is developed and a
discussion is provided.

4.1. Differential Evolution

Figure 8a—c show box plots of the experiments in which the differential evolution
method was used for the optimal sizing of a hybrid renewable energy system for green hy-
drogen production. These figures refer to the scheduled production of 100, 200, and 300 kg
of green hydrogen per day, respectively. For each scenario, nine cases can be observed.
They are described in the first five columns of Table 10, detailing the case identification,
the green hydrogen demand satisfied per day, and the method parameters. Each box plot
summarizes the statistical results of running 31 simulations for each simulated case.
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Figure 8. Box plot simulations. (a) Box plot to produce 100 kg/day (DE); (b) box plot to produce
200 kg/day (DE); (c) box plot to produce 300 kg/day (DE); (d) box plot to produce 100 kg/day (GA);
(e) box plot to produce 200 kg/day (GA); (f) box plot to produce 300 kg/day (GA); (g) box plot
to produce 100 kg/day (OFA); (h) box plot to produce 200 kg/day (OFA); (i) box plot to produce
300 kg/day (OFA); (j) box plot to produce 100 kg/day (SS); (k) box plot to produce 200 kg/day (SS);
(I) box plot to produce 300 kg/day (SS).

Graphically, it can be seen that Cases 1 to 3 performed better than Cases 4 to 9 in all
scenarios. However, this needs to be confirmed by hypothesis testing. Columns 6 to 10
of Table 10 show the summary statistics for each test case associated with the results
obtained with each configuration. From left to right, the minimum, median, pseudo-
median, and mean values for the objective function and the p-value obtained after using a
Saphiro-Wilk test [51] can be seen. The Saphiro-Wilk test is a test of normality which tests
whether a sample is from a normally distributed population (the null hypothesis). When
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the p-value obtained is less than 0.05, the null hypothesis is rejected and the non-normality
of the sample is assumed. In contrast, when the p-value obtained is greater than or equal
to 0.05, the null hypothesis is accepted and the normality of the sample is assumed. It
can be seen that the configurations DE100C1 to DE100C3 present identical values; that
is, in all 31 simulations, the same value for the minimum of the objective function was
obtained, the configurations DE100C8, DE200C6 to DE200C9 and DE300C5 to DE300C9
were normally distributed, and the rest were not. Hereafter, for simplicity of notation, for
each of the scenarios (production of green hydrogen in quantities of 100, 200, and 300 kg),
the configurations using differential evolution are denoted as DE1 to DE9.

Table 10. Differential evolution statistics and Shapiro-Wilk test results.

CaseID H2Demand Population CR F Minimum Median Pseudo-Median Mean S-W Test
DE100C1 100 50 09 0.5 —1.95736 —1.95736 - —1.95736  Identical values
DE100C2 100 50 09 0.7 —1.95736 —1.95736 - —1.95736  Identical values
DE100C3 100 50 09 09 -—195736 —1.95736 - —1.95736  Identical values
DE100C4 100 100 09 0.5 —1.95736 —1.95735 —1.95736 —1.95736 0.00015
DE100C5 100 100 09 0.7 —1.95736 —1.95735 —1.95736 —1.95736 0.00010
DE100C6 100 100 09 09 —195736 —1.95734 —1.95736 —1.95734 0.01421
DE100C7 100 150 09 0.5 —1.95735 —1.95729 —1.95727 —1.95729 0.0338
DE100C8 100 150 09 0.7 —1.95736 —1.95729 - —1.95728 0.3384
DE100C9 100 150 09 09 —1.95735 —1.95729 —1.95726 —1.95725 0.00059
DE200C1 200 50 09 0.5 —1.26552 —1.26552 —1.26552 —1.26547 6.9 x 1072
DE200C2 200 50 09 0.7 —1.26552 —1.26552 —1.26552 —1.26551 25x%x 1011
DE200C3 200 50 09 09 —1.26552  —1.26552 —1.26552 —1.26551 25 x 10711
DE200C4 200 100 09 0.5 —1.26552 —1.26423 —1.26416 —1.26407 0.00954
DE200C5 200 100 09 0.7 —1.26541 —1.26445 —1.26451 —1.26444 0.00254
DE200C6 200 100 09 09 —126552 —1.26461 - —1.26454 0.2869
DE200C7 200 150 09 0.5 —1.26541 —1.26224 - —1.26235 0.381
DE200C8 200 150 09 0.7 —1.26537 —1.26225 - —1.26248 0.06822
DE200C9 200 150 09 09 —1.26498 —1.26241 - —1.26197 0.07769
DE300C1 300 50 09 05 0961812 0.964822 0.96505 0.96612 6.4 x 107>
DE300C2 300 50 09 0.7 0.961812 0.962799 0.96281 0.96299 0.00186
DE300C3 300 50 09 09 0.961812 0.962135 0.96211 0.96224 46 x 1077
DE300C4 300 100 09 0.5 0.963468 0.969837 0.97063 0.97140 0.00481
DE300C5 300 100 09 07 0962624 0.967444 - 0.96747 0.1693
DE300C6 300 100 09 09 0.962291 0.965811 - 0.96636 0.2897
DE300C7 300 150 09 0.5 0.965843 0.976158 - 0.97622 0.4135
DE300C8 300 150 09 07 0963978 0.971676 - 0.97154 0.4501
DE300C9 300 150 09 09 0.964517 0.970076 - 0.96995 0.4763

Since most of the samples were not normally distributed, a Kruskal-Wallis rank sum
test [52] was performed using the kruskal.test() function of the R package stats [53]. This test
allowed determining whether there were significant differences between configurations.
For each scenario, the results obtained with differential evolution (DE1 to DE9) were com-
pared. In all three scenarios, p-values of less than 0.05 were obtained. Therefore, significant
differences were found between at least one pair of configurations for all green hydrogen
production scenarios. Then, a multiple comparison test after Kruskal-Wallis [54] between
samples was performed using the kruskalmc() function of the R package pgirmess [55], to
identify which configurations were different with pairwise comparisons adjusted appropri-
ately for multiple comparisons. The upper triangular part of Table 11 shows the results of
the multiple comparison test for the configurations using the differential evolution method.
In each cell, three letters can be seen that vary between T (true) and F (false). These refer
to the green hydrogen demand scenarios of 100, 200, and 300 kg per day, respectively. It
can be seen that the multiple comparison test provided nonsignificant differences among
the performances of the configurations DE1 and DE2 in all scenarios (FFF). The same
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circumstance can be observed for the configurations DE2 and DE3. However, significant
differences were observed between configurations DE1 and DE3 in the third scenario (FFT)
(demand of 300 kg of green hydrogen per day).

Table 11. Multiple pairwise comparisons (DE).

DE2 DE3 DE4 DE5 DE6é DE7 DE8 DE9

DE2 =11 FFF  FFT FIT FIF TIF TIT TIT TIT DEl
DE3 =11 == FFF FTT FIT TIT TIT TIT TIT DE2
15) o S AN FIT FIT TIT TIT TIT TIT DE3
DE5 [l Ll Ll ==t FFF FFF TFF TFF TFF DE4
DE6 = Ll Ll =t == FFF TFT TFF TIF DE5
DE7 [l W W W W W FIT FFT TTF DEé6
DE8 [l W W W= W W ==t FFF  FFF  DE7
DE9 L M W W= W W ==t === FFF  DES8

DEl1l DE2 DE3 DE4 DE5 DE6 DE7 DES8

Once significant differences had been verified regarding the multiple comparisons
test, the appropriate test for pairwise comparisons was used. When samples came from a
normally distributed population, a Student test was used. Conversely, when samples did
not come from a normally distributed population, the Wilkonson rank sum test (equivalent
to the Mann-Whitney test) was used. The lower triangular part of Table 11 shows the result
of pairwise comparisons (columns vs. rows) between the configurations of the differential
evolution (DE) method. The Student test or the Mann—-Whitney test were appropriately
used. In each cell, three symbols can be seen. They refer to demands of 100, 200, and 300 kg
of hydrogen per day, respectively. The symbol = means that no significant differences
were found between the compared samples, the symbol T means that the column sample is
shifted to the right of the row sample (i.e., the column sample has higher objective function
values than the row sample) and the symbol | indicates that the column sample is shifted to
the left of the row sample (i.e., the column sample has lower objective function values than
the row sample). As an example, focusing on configurations DE1 and DE2 it can be seen
that non-significant differences were found for the scenario of 100 kg of green hydrogen
per day. However, significant differences were found for the scenarios of 200 and 300 kg of
green hydrogen per day, in which the configuration DE1 obtained higher objective function
values than the configuration DE2. Nevertheless, the multiple comparisons test showed
that non-significant differences were found between the performance of the DE1 and DE2
configurations in the three scenarios. A similar behavior can be observed when comparing
the DE1 and DE3 configurations. Regarding the configurations DE2 and DE3 it can be seen
that DE2 provided equal performance in the scenarios of 100 and 200 kg, and was lower in
the scenario of 300 kg. The configurations DE1 DE2 and DE3 matched or outperformed the
other configurations in all scenarios, and the configuration DE2 provided a slight advantage
over configurations DE1 and DE2.

4.2. Genetic Algorithm

Figure 8d—f show box plots of experiments in which the genetic algorithm was used
for the optimal sizing of a hybrid renewable energy system for green hydrogen production.
These figures refer to the scheduled production of 100, 200, and 300 kg of green hydrogen
per day, respectively. For each scenario, nine cases can be observed. They are described
in the first five columns of Table 12, detailing the case identification, the green hydrogen
demand satisfied per day, and the parameters of the method. Each box plot summarizes
the statistical result of running 31 simulations for each simulated case.

Graphically, it can be seen that Cases 6 and 9 performed better than the others in all
scenarios. However, this needs to be confirmed by hypothesis testing. Columns 6 to 10 of
Table 12 show the summary statistics for each test case associated with the results obtained
with each configuration. From left to right, the minimum, median, pseudo-median, and
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mean for the objective function value and the p-value obtained after using the Saphiro-Wilk
test can be seen. It can be seen that all configurations were not normally distributed. For
simplicity of notation, for each of the scenarios (production of green hydrogen in quantities
of 100, 200, and 300 kg), configurations using the genetic algorithm are denoted as GA1
to GA9.

Table 12. Genetic algorithm statistics and Shapiro-Wilk test results.

Case ID D H2 Population PrC disC Minimum Median Pseudo-Median Mean S-W Test
emand

GA100C1 100 50 0.5 20 —1.95731 —1.95721 —1.95718 —1.95716 35 x 1075
GA100C2 100 50 1.0 20 —1.95736 —1.95721 —1.95723 —1.95724 0.00010

GA100C3 100 50 1.5 20 —1.95736 —1.95731 —1.95729 —1.95728 3.1 x 1075
GA100C4 100 100 0.5 20 —1.95736 —1.95721 —1.95723 —1.95725 0.00026

GA100C5 100 100 1.0 20 —1.95736 —1.95731 —1.95727 —1.95727 0.00037

GA100C6 100 100 1.5 20 —1.95736 —1.95731 —1.95729 —1.95730 41 x107°
GA100C7 100 150 0.5 20 —1.95736 —1.95721 —1.95723 —1.95724 5.7 x 1075
GA100C8 100 150 1.0 20 —1.95736 —1.95731 —1.95729 —1.95730 3.2 x 107°
GA100C9 100 150 1.5 20 —1.95736 —1.95732 —1.95729 —1.95731 1.6 x 1072
GA200C1 200 50 0.5 20 —1.26537 —1.26140 —1.25875 —1.24990 29 x 1078
GA200C2 200 50 1.0 20 —1.26552 —1.26423 —1.26366 —1.26342 0.00117

GA200C3 200 50 1.5 20 —1.26552 —1.26426 —1.26407 -1.26152 1.7 x 1071
GA200C4 200 100 0.5 20 —1.26552 —1.26402 —1.26393 —1.25999 1.5 x 10710
GA200C5 200 100 1.0 20 —1.26552 —1.26477 —1.26467 —1.26412 1.2 x 107°
GA200C6 200 100 1.5 20 —1.26552 —1.26537 —1.26507 —1.26482 40 x 1077
GA200C7 200 150 0.5 20 —1.26552 —1.26402 —1.26393 —1.26292 1.7 x 1077
GA200C8 200 150 1.0 20 —1.26552 —1.26504 —1.26470 —1.26427 1.2 x 1077
GA200C9 200 150 1.5 20 —1.26552 —1.26504 —1.26508 —1.26492 5.8 x 1076
GA300C1 300 50 0.5 20 0.963296 0.989643 1.01927 1.00986 9.2 x 1076
GA300C2 300 50 1.0 20 0.961967 0.969716 0.97913 0.99584 45 x 1077
GA300C3 300 50 1.5 20 0.961812 0.966092 0.96968 0.97844 32 x 1078
GA300C4 300 100 0.5 20 0.962799 0.972806 0.97908 0.98611 43 x 1077
GA300C5 300 100 1.0 20 0.961967 0.967619 0.96947 0.98069 9.3 x 107°
GA300C6 300 100 1.5 20 0.961967 0.964723 0.96479 0.97012 2.1 x 10710
GA300C7 300 150 0.5 20 0.963296 0.971911 0.97499 0.97839 1.0 x 1077
GA300C8 300 150 1.0 20 0.961967 0.966092 0.96748 0.97191 1.3 x 107
GA300C9 300 150 1.5 20 0.961812 0.964784 0.96698 0.97015 1.0 x 107°

Since the samples were not normally distributed, a Kruskal-Wallis rank sum test was
performed. For each scenario, the results obtained with the genetic algorithm (GA1 to
GA9 ) were compared. In all scenarios, p-values of less than 0.05 were obtained. Therefore,
significant differences were found between at least one pair of configurations for each green
hydrogen production scenario. Then, after Kruskal-Wallis, a multiple comparison test
between samples was performed to identify which configurations were different, with pair-
wise comparisons adjusted appropriately for multiple comparisons. The upper triangular
part of Table 13 shows the results of the multiple comparison test for the configurations
employing the genetic algorithm. Again, in each cell, three letters can be seen that vary
between T (true) and F (false). These refer to the green hydrogen demand scenarios of 100,
200, and 300 kg per day, respectively. It can be seen that the multiple comparisons test
provided non-significant differences among the performances of the configurations GA3,
GA5, GA6, GAS8, and GA9 in all scenarios.
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Table 13. Multiple and pairwise comparisons (GA).
GA2 GA3 GA4 GA5 GA6 GA7 GA8 GA9
GA2 ™1 FFF TTT TFF TTF TIT TTF TIT TIT GAl
GA3 11T == FFF FFF FFF FIT FFF FFF  FFF  GA2
GA4 M === === FFF FFF FFF FFF FFF  FFF  GA3
GA5 ™M === === =1= FFF  FIT FFF FFF FFF GA4
GA6 ™ ™M =t= Mt =T= FFF  FFF  FFF  FFF  GA5
GA7 ™ === === === === []] FFT FFF  FFF  GA6
GA8 ™ M™M= === Mt === === 1=1 FFF  FFF  GA7
GA9 MM Mt =t= M == === f=f === FFE  GAS

GA1l GA2 GA3 GA4 GA5 GA6 GA7 GAS8

Once significant differences were found from the multiple comparisons test, the Mann-
Whitney test was performed for pairwise comparisons. The lower triangular part of Table 13
shows the result of pairwise comparisons (columns vs. rows) between the configurations
of the genetic algorithm (GA ). Again, in each cell, three symbols can be seen. They refer to
demands of 100, 200, and 300 kg of green hydrogen per day, respectively.

As an example, pairwise comparisons between the GA6 configuration and the others
can be seen. In general, the GA6 configuration outperformed configurations GA1 to GA7
in all scenarios, except in the first and third scenarios of the configurations GA3 and GA5
where non-significant differences were obtained. Due to the fact that the problem to be
solved was to minimize, configurations GA6, GA8 and GA9 provided a clear advantage.

4.3. Optimal Foraging Algorithm

Figure 8g—i show box plots of experiments in which the optimal foraging algorithm
was used for the optimal sizing of a hybrid renewable energy system for green hydrogen
production. These figures refer to the scheduled production of 100, 200, and 300 kg of green
hydrogen per day, respectively. For each scenario, three cases can be observed. They are
described in the first three columns of Table 14, detailing the case identification, the green
hydrogen demand satisfied per day, and the population size. Each box plot summarizes
the statistical result of running 31 simulations for each simulated case.

Graphically, it can be seen that Case 3 performed better than the others in all scenarios.
However, this needs to be confirmed by hypothesis testing. Columns 4 to 8 of Table 14
show the summary statistics for each test case associated with the results obtained with
each configuration. From left to right, the minimum, median, pseudo-median, and mean
for the objective function value and the p-value obtained after using the Saphiro-Wilk
test can be seen. It can be seen that there are both normally and not normally distributed
configurations. For simplicity of notation, for each of the scenarios (production of green
hydrogen in quantities of 100, 200, and 300 kg), configurations using the optimal foraging
algorithm are denoted as OFA1 to OFA3.

Table 14. Optimal foraging algorithm statistics and Shapiro-Wilk test results.

Case ID H2 Demand Population Minimum Median Pseudo-Median Mean S-W Test
OFA100C1 100 50 —1.95447 —1.74259 - —1.11557 0.1445
OFA100C2 100 100 —1.94740 —1.86275 —1.84438 —1.12004 0.00078
OFA100C3 100 150 —1.94762 —1.87725 —1.86474 —1.12828 0.00154
OFA200C1 200 50 —1.24826 —1.13037 - —1.11557 0.07316
OFA200C2 200 100 —1.25485 —1.14289 - —1.12004 0.2336
OFA200C3 200 150 —1.19837 —1.12888 - —1.12828 0.1303
OFA300C1 300 50 0.983423 1.092488 1.08905 1.10481 29 x 1075
OFA300C2 300 100 0.976409 1.062644 1.07206 1.08354 3.4 x 1076
OFA300C3 300 150 0.987381 1.08935 1.07811 1.07676 0.05847
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Next, a Kruskal-Wallis rank sum test was performed. For each scenario, the results
obtained with the optimal foraging algorithm (OFA1 to OFA3) were compared. Only in the
first scenario was the p-value less than 0.05 and significant differences were found between
at least one pair of configurations for this green hydrogen production scenario. The upper
triangular part of Table 15 shows the results of the multiple comparisons test after Kruskal—-
Wallis for the configurations employing the optimal foraging algorithm. Again, in each
cell, three letters can be seen that vary between T (true) and F (false). These refer to the
green hydrogen demand scenarios of 100, 200, and 300 kg per day, respectively. It can be
seen that the multiple comparisons test provided non-significant differences among the
performances of, on the one hand, the configurations OFA1 and OFA2, and, on the other
hand, the configurations OFA2 and OFA3. However, there was a significant difference in
the first scenario when OFA1 and OFA3 were compared.

Table 15. Multiple and pairwise comparisons (OFA).

OFA2 OFA3
OFA2 === FFF TFF OFA1
OFA3 == === FFF OFA2

The lower triangular part of Table 15 shows the results of the Mann-Whitney test
of pairwise comparisons (columns vs. rows) between the configurations of the optimal
foraging algorithm (OFA). Again, in each cell, three symbols can be seen. They refer to
demands of 100, 200, and 300 kg of green hydrogen per day, respectively. It can be seen
that the OFA3 configuration outperformed configuration OFA1 only in the first scenario.
Non-significant differences were obtained regarding the other configurations.

4.4. Scatter Search

Figure 8j-1 show box plots of experiments in which the scatter search method was used
for the optimal sizing of a hybrid renewable energy system for green hydrogen production.
These figures refer to the scheduled production of 100, 200, and 300 kg of green hydrogen
per day, respectively. For each scenario, nine cases can be observed. They are described
in the first five columns of Table 16, detailing the case identification, the green hydrogen
demand satisfied per day, and the parameters of the method. Each box plot summarizes
the statistical results of running 31 simulations for each simulated case.

Graphically, it can be seen that Cases 6 and 9 performed better than the others in all
scenarios. However, this needs to be confirmed by hypothesis testing. Columns 6 to 10 of
Table 16 show the summary statistics for each test case associated with the results obtained
with each configuration. From left to right, the minimum, median, pseudo-median, and
mean for the objective function value and the p-value obtained after using the Saphiro-Wilk
test can be seen. It can be seen that all configurations were not normally distributed. For
simplicity of notation, for each of the scenarios (production of green hydrogen in quantities
of 100, 200, and 300 kg), configurations using scatter search are denoted as SS1 to SS9.

Table 16. Scatter search statistics and Shapiro-Wilk test results.

CaseID H2Demand Population Best Diverse Minimum Median Pseudo-Median Mean S-W Test

55100C1 100 50 5 15 —1.95736 —1.93686 —1.87748 —1.87685 1.9 x 1072
55100C2 100 100 5 15 —1.95736 —1.95735 —1.95724 —1.95288 1.0 x 10710
55100C3 100 150 5 15 —1.95736 —1.95736 —1.95736 —~1.95585 5.4 x 10712
55100C4 100 50 10 10 —1.95736 —1.91125 —1.89356 —1.89131 0.0091

S5100C5 100 100 10 10 —1.95736 —1.95736 —1.95728 ~1.94571 13 x 1071
S55100C6 100 150 10 10 —1.95736 —1.95736 —1.95736 —1.95571 7.1 x 10712

55100C7 100 50 15 5 —1.95736  —1.93638 —1.93486 ~1.91337 55x 1077
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Table 16. Cont.

CaseID H2Demand Population Best Diverse Minimum Median Pseudo-Median Mean S-W Test
55100C8 100 100 15 5 —1.95736  —1.95736 —1.95690 —~1.95454 1.1 x 10710
55100C9 100 150 15 5 —1.95736  —1.95736 —1.95736 —1.95709 7.0 x 10~12
55200C1 200 50 0.9 0.5 —1.26008  —1.14601 —1.10363 —1.04129 1.9 x 107
55200C2 200 50 0.9 0.7 —1.26552  —1.25678 —1.25172 —1.21861 1.5 x 1077
$5200C3 200 50 0.9 0.9 —1.26552  —1.26552 —1.26495 —1.24985 4.0 x 10710
55200C4 200 100 0.9 0.5 —1.26552  —1.14450 —1.14120 —1.13520 0.0185

55200C5 200 100 0.9 0.7 —1.26552  —1.25959 —1.25746 —1.25341 1.3 x 107
55200C6 200 100 0.9 0.9 —1.26552  —1.26552 —1.26462 ~1.26369 2.6 x 107
S5200C7 200 150 0.9 0.5 —1.26451 —1.16851 —1.14522 —-1.11779 0.00037

55200C8 200 150 0.9 0.7 —1.26552 —1.26143 —1.25909 —1.23934 23 x 107
55200C9 200 150 0.9 0.9 —1.26552  —1.26552 —1.26440 ~1.26263 3.1 x 1078
SS300C1 300 50 0.9 0.5 0961812  1.073780 1.08554 121597 82 x 1078
SS300C2 300 50 0.9 0.7 0961812 0.983307 1.02239 1.13211 2.0 x 1077
S5300C3 300 50 0.9 0.9 0.961812  0.989372 1.00298 1.09959 3.4 x 10710
S5300C4 300 100 0.9 0.5 0961812  1.062328 1.05640 1.07924 0.00016

SS300C5 300 100 0.9 0.7 0961812 0.962480 0.96377 0.97239 1.5 x 1077
SS300C6 300 100 0.9 0.9 0961812  0.961812 0.96190 096699 1.5 x 107!
SS300C7 300 150 0.9 0.5 0.961967  1.059164 1.05078 1.07863 1.9 x 107
SS300C8 300 150 0.9 0.7 0961812 0.962291 0.96507 0.98152 21x10°8
S5300C9 300 150 0.9 0.9 0.961812  0.961812 0.96211 0.96940 3.0 x 10710

Since the samples were not normally distributed, a Kruskal-Wallis rank sum test
was performed. For each scenario, the results obtained with scatter search (SS1 to SS9)
were compared. In all scenarios, p-values of less than 0.05 were obtained. Therefore,
significant differences were found between at least one pair of configurations for each
green hydrogen production scenario. Then, a multiple comparison test after Kruskal-
Wallis between samples was performed to identify which configurations were different,
with pairwise comparisons adjusted appropriately for multiple comparisons. The upper
triangular part of Table 17 shows the results of the multiple comparisons test for the
configurations employing the scatter search method. Again, in each cell, three letters
can be seen that vary between T (true) and F (false). These refer to the green hydrogen
demand scenarios of 100, 200, and 300 kg per day, respectively. It can be seen that the
multiple comparisons test provided non-significant differences among the performances of
configurations SS5, 556, SS8 and SS9 in all scenarios. Furthermore, the SS3 configuration
only differed from the SS6 configuration in the third scenario.

Table 17. Multiple and pairwise comparisons (SS).

SS2 SS3 SS4 SS5 SS6 S§S7 SS8 SS9

Ss2 M TIF TIT FFF TIT TIT FFF TIT TIT SS1
SS3 Mt M= FIF TFF FFF FIT TFF FFF FFT  SS2
SS4 === ||| |l TIF FFF FFT TIF FFF FFF  SS3
SS5 Mt ==t ll= 1M1 TIT TIT FFF TIT TIT SS4
ss6 Mt Mt ==t Mt FFF TIT FFF FFF  SS5
SS7 === LIt Wl == It L TIT FFF FFE  SS6
ss8 ™Mt ==t W= M === [ Mt TTT  TTT  SS7
ss9 ™Mt =t Wt Mt =t = Mt == FFF  SS8

SS1 S§S2 SS3 SS4 SS5 SSe SS7 SS8

Once significant differences had been found from the multiple comparisons test, the
appropriate test for pairwise comparisons was used. The lower triangular part of Table 17
shows the results of pairwise comparisons (columns vs. rows) between the configurations
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of the scatter search (SS) method. Again, in each cell, three symbols can be seen. They refer
to demands of 100, 200, and 300 kg of green hydrogen per day, respectively.

As an example, pairwise comparisons between the S56 configuration and the others
can be seen. In general, the SS6 configuration outperformed the other configurations
in all scenarios, except in the first and second scenarios of configuration SS3 and in the
third scenario of configuration SS9, where non-significant differences were obtained. Due
to the fact that the problem to be solved was to minimize, configuration SS6 provided a
clear advantage, followed closely by configurations S53 and SS9.

5. Discussion

Once the performances of the methods had been analyzed individually, a global study
of comparisons between the scatter search and the other methods was developed. The
complete results of this analysis are shown in Tables 18 and 19. The procedure carried out
followed the steps described above.

Table 18. Multiple comparison of SS and DE (upper triangular matrix) and SS and GA (lower
triangular matrix).

SS1 SS2 SS3 SS4 SS5 SSe6 SS7 SS8 SS9 DE1 DE2 DE3 DE4 DE5 DE6 DE7 DE8 DE9
SS1 TFF TTF FFF TIT TIT FFF TIT TTIT TTIT TIT TIT TTF TIT TIT FIF FIF FTF SS1
SS2 TFF FIF TFF FFF FIT TFF FFF FFT TTF TTT TIT FFF FFF FFF FFF FFF FFF SS2
SS3 TTIT FTF TTT FFF FFT TIT FFF FFT FFF FFF FFT  FFF FFF TFF TFF TFF TFF SS3
SS4 FFF TFF TIT TTT TTT FFF TTT TTT TIT TTIT TIT TTF TIT TIT FITF FTF FFF SS4
SS5 TTIT FFF FFF TIT FTF TIT FFF FFF FTF FTF FTF FFF FFF FFF  FFT  FFF FFF SS5
SSe6 TTIT FIT FFT TTT FTF TIT FFF FFF FFF FFF FFF FFT FFT TFT TFT TFT TTT SSe
SS7 FFF TFF TIT FFF TIT TIT TTT TTT TIT TIT TTIT TTEF TIT TIT FIF FIF FIF SS7
SS8 TTT FFF FFF TTT FFF FFF TTT FFF FTF FTF FTF FFF FFF FFF FFT  FFF FFF SS8
SS9 TIT FIT FFT TIT FFF FFF TIT FFF TFF TTF TTF FFT  FFF FFF FFT FFT FFT SS9
GA1 FTF FFF TTF FFF TFT TIT FFF FFT TFT FFF FFF FTF FFF TFF TTF TTF TTF DE1
GA2 TITF FFF TFF TTF FFF TFT FTF FFF FFT FFF FFF FIT FIF TTF TIT TIT TIT DE2
GA3 TIT FFF FFF TTIT FFF FFT TIT FFF FFT FFF FFF FIT FIT TTF TIT TIT TIT DE3
GA4 TTF FFF TFF TTF FFF TFT FIF FFF FFT FFF FFF  FFF FFF FFF FFF FFF TFF DE4
GA5 TITF FIF TFF TIT FFF TFT TIF FFF FFT  FFF FFF FFF FFF FFF FFF FFF TFF DE5
GA6 TIT FIF FFF TIT FFF FFF TIT FFF FFF TIT FFF FFF FFF FFF FFF FFF FFF DEé6
GA7 TIF FFF TFF TTF FFF TFT FTF FFF FFT  FFF FFF FFF FFF FFF FFF FFF FFF  DE7
GA8 TIT FIF FFF TIT FFF FFT TTIT FFF FFF FTF FFF FFF FFF FFF FFF FFF FFF  DES8
GA9 TIT FIF FFF TIT FFF TFF TIT FFF FFF FTF FFF FFF FFF FFF FFF FFF FFF
SS1 SS2 SS3 SS4 SS5 SS6 SS7 SS8 SS9 GA1l GA2 GA3 GA4 GA5 GA6 GA7 GAs
Table 19. Multiple comparisons of SS and OFA.
SS1 SS2 SS3 SS4 SS5 SSe6 SS7 SS8 SS9 OFA1 OFA2 OFA3

TTF TTF FFF TTT TTT FFF TTT TTT FFF FFF FFF SS1

FFF TFF FFF FIT FTF FFF FFT TTF TTF TTF SS2

TTF FFF FFF TTF FFF FFF TIT TTT TTT SS3

TTT TTT FFF TTT TTT FFF FFF FFF SS4

FFF TTT FFF FFF TTT TTT TTT SS5

TTT FFF FFF TTT TTT TTT SSe6

TTT FIT TFF FFF FFF SS7

FFF TTT TTT TTT SS8

TTT TTT TTT SS9

FFF FFF OFA1
FFF OFA2

The upper triangular part of Table 18 shows the results of the multiple comparisons
test after Kruskal-Wallis for the configurations employing both the differential evolution
(DE1 to DE9) and scatter search (S51 to SS9) methods. It can be seen that non-significant
differences were found between configurations DE1-SS3, DE1-556, DE2-S53, DE2-S56 and
DE3-556 in all scenarios. The lower triangular part of Table 18 shows the results of the
multiple comparisons test after Kruskal-Wallis for the configurations employing both the



Mathematics 2024, 12, 3848

28 of 34

genetic algorithm (GA1 to GA9) and scatter search (SS1 to S59) methods. It can be seen
that non-significant differences were found between the pairs of configurations GA6-556
and GAi-SSj, with i € {6,8,9} and j € {3,5,8,9}, in all scenarios. However, significant
differences were found between configurations GA8-S56 in the third scenario and GA9-556
in the first scenario. Table 19 shows the results of the multiple comparisons test after
Kruskal-Wallis for the configurations employing both the optimal foraging algorithm
(OFA1 to OFA3) and scatter search (SS1 to SS9) methods. It can be seen that significant
differences were found between the pairs of configurations involving SS3, SS6, and SS9,
and the three cases of OFA.

Table 20 shows the result of the Mann-Whitney test for pairwise comparisons. In
general, the configuration SS3 outperformed the configurations DE4 toDE9 in the first
and second scenarios, and non-significant differences were found in the third scenario.
Furthermore, the configuration SS6 outperformed configurations DE4 to DE9 in almost
all scenarios (only in one case were non-significant differences found). Configuration SS6
behaved similarly to DE1 to DE3 in the first scenario, in which a demand of 100 kg of green
hydrogen per day was scheduled. Regarding the second scenario, in which a demand
of 200 kg of green hydrogen per day was scheduled, it can be seen that configurations
DE1 to DE3 outperformed configuration SS6. Finally, it can be seen that configuration
556 outperformed configurations DE1 to DE3 in the third scenario, in which a demand of
300 kg of green hydrogen per day was scheduled.

Regarding the genetic algorithm, configuration SS6 outperformed configurations GA1l
to GA4 in all scenarios and GA5 to GA9 in the first and second scenario. Non-significant
differences were found in the second scenario in relation to configurations GA5 to GA9.
In addition, configurations SS3 and SS9 showed good performance. Finally, scatter search
outperformed the optimal foraging algorithm in general terms. Such a circumstance brings
to the light the no-free-lunch theorem [56], which states that any elevated performance for
one class of problems is offset by the performance for another class for any algorithm.

Table 20. Global pairwise comparisons.

SS1 SS2 SS3 SS4 SS5 SSe6 SS7 SS8 SS9
DE1 1+ Mt =t= Mt t= =t Mt M= 1
DE2 1t Mt =t= Mt M= =tL Mt M= 1
DE3 Mt Mt =t Mt Mt =t M M= M=
DE4 1 =t= = Mt =t WL Mt ==l =l
DEs 1t =t= = Mt =t U Mt ==l ==/
DEe 1 =t= = Mt =t 1=l Mt == =]
DE7 Mt =t= = Mt 1=l W Mt ==l W
DE8 M =t= = Mt =l Mt ==l
DEZ Mt = = Mt =l Wl Mt == 1l
GAl Mt W= U= Mt =L Wbt == 1l
GAz Mt =t= U= Mt = Ul ot ==l =]
GAs Mt == U= Mt =t Ul ot ==l =l
GAL Mt == = Mt == N 1=l
GAs Mt =t= U= Mt =t =l Ot == 1=l
GAe M =t == At =t =l Mt == =l
GA7 Mt == == Mt =t =l M == =]
GAs Mt == l== Mt =t =l Mt =t =l
GAY Mt == == Mt =t =] M =t= =]
OFA1  |== ||| Ul == Wl W == W
OFA2  |== [l Ul = Ul W = 0l W
OFA3  |== || Il == Ul Ul = Ul

Having established that the most favorable configurations were DE3 for the differential
evolution method, and GA6, GA8, and GA9 for the genetic algorithm, and that non-
significant differences were found for the optimal foraging algorithm and SS6 for the
proposed version of the scatter search method, a thorough analysis must be carried out.
Tables 21-24 provide some details about the best solutions provided by the configurations
for each scenario, respectively.
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Table 21. Best design when DE was employed.

Conf. H2 Pop. CR F Eval. OF EC Sales (MWh)  Dump (kWh) Solution
DE3 100 50 0.9 0.9 9440  —1.9573  0.2689 27.4 510.1 46417 690 1
DE3 200 50 0.9 0.9 7111 —1.2655 0.4981 27.1 951.5 7244715291
DE3 300 50 0.9 0.9 7777 096181  0.9383 26.2 2641.1 10,358 7 2066 2

Table 22. Best design when GA was employed.

Conf. H2 Pop. PrC disC Eval. OF EC Sales (MWh)  Dump (kWh) Solution
GA6 100 100 15 20 5651 —1.9573 0.2689 27.4 510.1 46417690 1
GA6 200 100 1.5 20 12,251 —1.2655 0.4981 27.1 951.5 7244715291
GA6 300 100 1.5 20 5601 0.96196 0.9380 26.2 2641.5 10,359 7 2065 2

Table 23. Best design when OFA was employed.
Conf. H2 Pop. Eval. OF EC Sales (MWh)  Dump (kWh) Solution
OFA1 100 50 14,301 —1.9544 0.2725 27.2 492.6 4456 7707 1
OFA2 200 100 12,401 —1.2548 0.5041 27.1 955.6 7242715551
OFA2 300 100 13,351 0.97640 0.9588 26.1 2633.4 10,334 7 2099 2
Table 24. Best design when SS was employed.

Conf. H2 Pop. Best Diverse Eval. OF EC Sales (MWh)  Dump (kWh) Solution
SS6 100 100 15 5 272 —1.9573 0.2689 274 510.1 46417690 1
SS6 200 100 15 5 188 —1.2655 0.4981 27.1 951.5 724471529 1
556 300 100 15 5 104 0.96181 0.9383 26.2 2641.1 10,358 7 2066 2

The first columns give information regarding the method configuration and scenario
solved. Next, the average number of evaluations (Eval.) of the objective function until
obtaining its best value (minimum objective function value in 31 simulations) is shown.
Furthermore, detailed information about the best solution provided by the configurations
is displayed. This consists of the value of the objective function (OF), the energy cost (EC),
the energy delivered to the grid (Sales), and the energy dumped due to the fact that the grid
could not absorb it. Finally, the design for the best solution is provided. It can be seen that
the average number of evaluations needed to solve the problem was 9440, 7111, and 7777
for demands of 100, 200, and 300 kg of green hydrogen per day, respectively. As an example,
for a demand of 100 kg per day, the best value of the objective function in 31 simulations
was —1.9573, with a energy cost of 0.2689 €/kWh. The energy supplied to the grid was
around 27 MWh and the wasted energy was around 510 kWh. The design consisted of
4641 solar photovoltaic modules, seven wind turbines, a 690 kW electrolyzer, and a battery
with one hour of autonomy.

With respect to SS6, it can be seen that identical solutions were obtained in each
scenario regarding DE3. Nevertheless, it can be seen that the average number of evaluations
needed to solve the problem was 272, 188, and 104 for demands of 100, 200, and 300 kg of
green hydrogen per day, respectively. This brings to light a notable advantage over the use
of many evolutionary algorithms, which require costly computing times. In particular, the
use of scatter search improved the computational cost in relation to differential evolution
by percentages of around 97% in all scenarios. This aspect may be very relevant, depending
on the scope of the real-world problem to be solved.

In relation to the value of the objective function, it can be seen that the solution
provided by DE and SS was slightly better than the solution provided by GA in the third
scenario. In addition, OFA provided values of the objective function close to those provided
by DE and SS but slightly larger.
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6. Conclusions

This paper addressed the problem of the optimal sizing of a hybrid renewable energy
system for scheduling daily green hydrogen production. Several hydrogen demand sce-
narios were taken into account to provide the appropriate sizing of the system. External
factors related to the location of the project were considered, such as the weather conditions
and the grid connection under constraints set by the energy market. As an optimization
method, this paper proposed the use of scatter search, which had not previously been used
to solve this problem. The results of the optimization were compared with the well-know
differential evolution and genetic algorithm methods, which are a state-of-the-art evolu-
tionary algorithms. Furthermore, the optimal foraging algorithm, which is a more recent
method, was considered in the comparative study. Some configurations of the proposed
modification of the scatter search method were very competitive in terms of performance.
In addition, the use of scatter search outperformed the other methods in terms of com-
putational cost, because fewer evaluations of the objective function were needed. In the
case of differential evolution, the improvement was around 97%. This is promising for
real-world applications that require quick responses, so the scope of analysis of the method
can be extended.

From an asset management point of view, this research highlights the importance
of knowing the local energy market when planning an economic investment in order to
introduce a new energy system. Ignorance of the grid’s limitations can lead to oversizing
the installation and, therefore, to an economic investment that does not yield a return.

Some limitations of this study can be addressed in future research. From a real-world-
problem point of view, larger quantities of hydrogen could be considered for production.
This would allow supplying to a larger number of end-users or recovering energy for
sale when the market is more favorable. This consideration requires further study of
hydrogen supply to end-users and energy recovery using fuel cells. In addition, energy
purchase prices were not taken into account due to their variability. This study could be
extended in this respect. From an optimization point of view, a multi-objective problem
has been formulated and solved as a single-objective problem. Under this approach, the
objectives were aggregated into a single objective function. Therefore, a single solution was
provided, which depended on the balance of the objectives in the objective function. A set
of balanced solutions could be provided in case of considering a multi-objective approach.
Decision-makers would have more information to make better decisions according to
various limitations, such as economic or spatial constraints. In the future, the authors
of the present paper will tackle the problem under a multi-objective approach by using
multi-objective algorithms. Thus, each evaluation would take into account several objective
functions, which is a powerful aspect of multi-objective optimization. Therefore, the current
version of the single-objective scatter search method will be modified for applications within
the multi-objective spectrum.
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Nomenclature

aq Friction coefficient

ay Battery bank hourly self-discharge rate

Bi Normalization factors for the objective function
or PV maximum power temperature coefficient
NBAT Battery bank efficiency

CON Converter efficiency

HELE Electrolyzer efficiency

HINV Inverter efficiency

AC Alternating current

ACC; Annual capital cost of the device i

ACD; Annualized cost of the device i

ACS Annualized cost of the system

AOMC; Annual operation and maintenance cost of the device i
ARC; Annual replacement cost of the device i
Cpar Capacity of the battery bank

CeLE Capacity of the electrolyzer

CC; Capital cost of the device i

CON Converter

CR Crossover rate

CRF Capital recovery factor

CRE; Capital recovery factor of the device i

Dy, Daily Hy demand

DC Direct current

DE Differential Evolution

disC Distribution index of crossover

disM Distribution index of polynomial mutation
EC Energy cost

ECK Energy consumption per kilogram of hydrogen produced
F Scale factor

Ho(t) Hydrogen production at time

Hj Hydrogen

hy, Height of the WT hub

hy Height of wind speed reference

HTpax Maximum capacity of the H, storage tank
I(1) Solar irradiance at time

ir Annual rate of interest

int Interest rate

INV Inverter

LHHP Lost of H, production probability

LT; Life time of the device i

LTsys Life time of the system

M Scaling factor of scatter search

n Lifetime of the system

NH Hours of battery bank autonomy

OF Objective function
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Ppar, State of charge of the battery bank at the previous time step
PrrE Power consumption of the electrolyzer

PNEEDED Power needed to meet the energy demand of the electrolyzer
Pr pv PV rated power

Pren Renewable power

Psorp Energy delivered to the grid (SALES)

Pwr Wind turbine power output

PEM Proton exchange membrane electrolyzer

PrC Crossover probability

PrM Mutation probability

PV Solar photovoltaic panel

PVy Number of solar photovoltaic panels

PVy(t) PV expected power output

RRer Reference solar radiance

RG; Replacement cost of the device i

SS Scatter Search

Ta(t) Ambient temperature at time

Tc(1) PV cell temperature at time

TnocT PV cell temperature at normal operating conditions
TNPC Total net present cost

Up, Daily unmet H, demand

(2 Wind speed at the height of the WT hub

(2 Wind speed at the height of reference

VSsocC Virtual state of charge of the battery bank

VSOD Virtual state of discharge of the battery bank

WE Wasted energy (DUMP)

WT Wind turbine

WTn Number of solar wind turbines

X Decision variables of the problem
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