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ARTICLE INFO ABSTRACT

Handling Editor: Ibrahim Dincer This study explores the design and feasibility of a novel fuel cell-powered wind farm for residential electricity,
hydrogen/oxygen production, and cooling/heating via a compression chiller. Wind turbine energy powers

Keywords: Proton Exchange Membrane (PEM) electrolyzers and a compression chiller unit. The proposed system was

Fuel cell

modeled using EES thermodynamic software, and its economic viability was assessed. A case study across seven
Italian regions with varying wind potentials evaluated the system’s feasibility in diverse weather conditions.
Hydrogen fuel Multi-objective optimization using Response Surface Methodology (RSM) determined the number of wind tur-
Compression chiller bines as optimum, number of electrolyzers, & fuel cell units. Optimization results indicated that 37 wind tur-
Multiple energy production system bines, 1 fuel cell unit, and 2 electrolyzer units yielded an exergy efficiency of 27.98 % and a cost rate of 619.9
$/h. TOPSIS analysis suggested 32 wind turbines, 2 electrolyzers, and 2 reverse osmosis units as an alternative
configuration. Further, twelve different scenarios were examined to enhance the distribution of wind farm-
generated electricity among the grid, electrolyzers, and reverse osmosis systems., revealing that directing 25
% to reverse osmosis, 20 % to electrolyzers, and 55 % to grid sales was optimal. Performance analysis across
seven Italian cities (Turin, Bologna, Florence, Palermo, Genoa, Milan, and Rome) identified Genoa, Palermo, and
Bologna as the most suitable locations due to favorable wind conditions. Implementing the system in Genoa, the
optimal site, could produce 28,435 MWh of electricity annually, prevent 5801 tons of CO2 emissions (equivalent
to 139,218 $). Moreover, selling this clean electricity to the grid could meet the annual clean electricity needs of
approximately 5770 people in Italy.

Wind energy
Wind turbine

1. Introduction atmospheric processes. Key advantages include.

Wind energy emerges as one of the most cost-effective and envi- e Zero emissions: No air pollutants or greenhouse gases during
ronmentally sustainable methods for electricity production, offering a operation
carbon-neutral, perpetual resource. Unlike finite fossil fuels, wind is e Abundant availability: Harnessed globally, particularly in coastal
geographically widespread and perpetually replenished by solar-driven zones and mountain corridors
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Fig. 1. Schematic of the proposed system.

e Economic viability: Low operational costs post-installation

Wind patterns, shaped by solar thermal gradients and Earth’s
topography, exhibit dynamic variability-shifting hourly, seasonally, and
regionally. Modern wind turbines convert these kinetic energy flows
into electricity with increasing efficiency, now contributing 8 % of
global power generation (2025 estimates). Strategic deployment in
high-wind regions, such as Italy’s Apennine ridges or Spain’s Atlantic
coast, maximizes output while supporting grid stability [1-4]. As
countries strive to achieve net-zero emissions, wind power’s scalability
and its integration with hybrid systems-such as hydrogen production
and pumped storage-make it a fundamental pillar of the clean energy
transition. Advances like floating offshore wind turbines and AI-driven
predictive maintenance further strengthen its contribution to building
resilient, low-carbon power grids. Today, wind energy can be effectively
combined with other power generation technologies, such as fuel cells,
to develop sustainable and more reliable power plants compared to
traditional fossil fuel-based systems. The synergy between wind energy
and fuel cells offers improved overall power generation efficiency and
the ability to meet increased electricity demand during peak consump-
tion periods, especially in summer and high-demand hours.

Fuel cells are electrochemical devices that generate electricity
through a chemical reaction between a fuel and an oxidizing agent.
Unlike conventional batteries, which store energy internally and release
it on demand, fuel cells require a continuous supply of fuel and oxidant
to produce electrical energy, enabling sustained and flexible power
output [5,6].

Among renewable energies, wind energy is one of the most

Table 1
Amount of input data
Parameters Amount
To 25°C
Py 101.3 kPa
VWind speed Sm/s
Nwt 0.9
0.59

TNecoefficiency

D 34 [m]

economical methods of generating electricity that is non-polluting and
inexhaustible. Wind energy, like other renewable energy sources, is
geographically widespread and at the same time distributed and almost
always available. Electricity generation through wind energy plays a
very important role for the planet in providing energy in a clean and
sustainable way. Energy generation systems, wind energy can be used as
an available energy that can be combined with other power generation
equipment such as fuel cells to set up a sustainable power plant, which
makes the new energy generation system more reliable compared to
fossil power plants. Since wind farm electricity is sold at a fixed price
over a long period of time and the source of its production is free, wind
energy reduces the uncertainty and price stability that the cost of pri-
mary fuel adds to traditional energy sources. One of the new sources that
has been introduced as a clean system for generating electricity in the
new era and has the ability to be combined with renewable systems is
the fuel cell. Combining a fuel cell with a wind turbine is a sustainable
and efficient way to generate electricity, especially in areas far from the
grid or areas with monsoon winds. In this system, the wind turbine
converts the mechanical energy of the wind into electrical energy, and
the fuel cell can store the generated electricity when needed or directly
deliver it to the consumer. A fuel cell is a device that directly converts
the chemical energy contained in a fuel into electrical energy by car-
rying out two separate electrochemical half-reactions. A fuel cell is a
clean energy source in which the anode and cathode are separated by an
electrolyte, so the fuel is not burned at all. In addition, the cell is noise-
free and highly reliable due to the immobility of its components.
Advantages of combining a fuel cell with a wind turbine.

e Increased reliability: By combining these two technologies, it is
possible to have greater certainty in the production of electricity,
because when the wind is low, the fuel cell can step in and
compensate for the lack of electricity.

e Reduced grid dependency: This system can meet electrical needs in
remote areas without access to the power grid.

e Energy storage: A fuel cell can store excess energy generated by a
wind turbine to be used during times of low wind or when more
electricity is needed.
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e Reduced emissions: Fuel cells can use hydrogen as fuel, which is a
clean energy source and reduces greenhouse gas emissions.

Hydrogen is the most commonly used fuel in fuel cells, while oxygen-
typically sourced from air or water-serves as the primary oxidizing
agent. Within the fuel cell, a chemical reaction generates electrons that
flow through an external circuit to produce electrical power. The re-
action’s byproducts, including water, heat, and sometimes carbon di-
oxide, are usually expelled from the system. Recent studies have
explored various integrations of renewable energy and fuel cell tech-
nologies to enhance sustainability and efficiency: Song et al. (2024)
investigated the combined use of wind power and Carbon Capture
Power Plants (CCPP) to improve plant sustainability. Simulation results
demonstrated significant improvements in the coordination between
CCPP and wind power.

International Journal of Hydrogen Energy 179 (2025) 151536

Alam et al. (2024) developed an adaptive power management
strategy for a combined photovoltaic (PV)-wind desalination plant using
recurrent neural networks (RNN). Their RNN-based model optimizes the
use of solar and wind energy to power a reverse osmosis desalination
unit, maintaining stable desalination performance while maximizing
renewable energy utilization. Hussam et al. (2024) conducted a
techno-economic analysis of hydrogen production from renewable
hybrid energy systems in Shagaya, Kuwait. The optimized standalone
system, using either battery storage or fuel cells, achieved an annual
green hydrogen production of 111,877 kg and reduced CO3 emissions by
14,819 kg, although hydrogen costs exceeded capital costs in some
cases. Ibanez-Rioja et al. (2023) examined an off-grid power plant
combining solar PV, wind, batteries, and an alkaline water electrolyzer.
The plant’s operation was simulated over 30 years with 5-min intervals,
using real-world solar and wind data from southeastern Finland,

Fig. 2. RSM methodology.
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Fig. 3. Validation.

demonstrating the feasibility of long-term off-grid renewable hydrogen
production. Liang et al. (2023) optimized the capacity configuration of
a wind-solar hybrid power system using an improved propeller algo-
rithm. Their approach addressed challenges in integrating new renew-
able generation by configuring concentrated solar power and energy
storage alongside existing local wind capacity, employing a two-layer
optimization method that considers user response. Shi et al. (2024)
proposed an energy storage capacity optimization model for a multi-
energy renewable system combining hydro, wind, and solar power.
Utilizing a three-battery group control strategy alongside pumped
storage hydropower, the model maximized grid flexibility, enhanced
system stability, and reduced peak loads effectively. Shabani and
Babaelahi (2024) designed solar multi-generation system integrating
parabolic trough collectors, multi-effect distillation, polymer electrolyte
membrane electrolysis, and multiple thermodynamic cycles with an
ejector cooler. The system achieved a net output power of 32.269 MW,
an ejector COP of 0.3193, and overall energy and exergy efficiencies of
38.45 % and 35.64 %, respectively, demonstrating a comprehensive
approach to sustainable power generation, desalination, hydrogen pro-
duction, and cooling [7-14]. In 2024, Meng et al. analyzed new
high-efficiency wind energy & hydrogen energy storage system
comprising alkaline electrolyzers, fuel cells, Organic Rankine Cycles
(ORCs), hydrogen compressors, turbines, pumps, and storage tanks.
Notably, raising the Fuel Cell (FC) operating temperature led to a rapid
increase in exergy efficiency, reaching 51.91 % for the FC-ORC sub-
system and 58.83 % for the overall system [15].

Despite significant progress in wind energy utilization over recent
decades, the integration of wind power into modern energy systems
remains a dynamic field of innovation. Hybrid systems refer to systems
in which two or more power generation sources are used to supply the
desired load. In fact, these systems are used to increase the reliability of
the distributed generation system, and today the trend of using this
system in distributed generation has developed significantly. Wind
turbines generate electrical power according to the wind speed.

Table 2
Fuel cell validation [29]

Current [A] Voltage [V]
Present work [29]
0 88 90
50 80 80
150 75 74
200 68 68
250 67 66

300 64 64
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Table 3
Wind turbine validation [30].
Wind speed [m/s] Power [W]
Present work [30]

0 0 0
5 95 100
10 1600 1500
15 1900 1900
20 2000 1950
25 2010 2000

Therefore, when the wind speed is higher than a certain limit according
to the speed-power characteristic, the turbine’s power output will be in
accordance with its maximum capacity, and in other cases, the turbine’s
power output will be less than its maximum capacity. In fact, because
the wind speed is uncontrollable, the wind turbine’s power output will
also change due to wind changes and will have significant fluctuations.
To create a power balance between the load and the power output of
energy sources, a backup system is needed to feed the load when the
wind speed is low and, in fact, control power fluctuations in some way.
Backup sources for this purpose include fuel cells. Fuel cells can be used
to compensate for the lack of power generated by the wind system and in
fact to cover the fluctuations in the power generated by the wind tur-
bine, which is actually one of the best options for this purpose. The
reason for this choice among other backup sources can be considered the
longer lifespan of this system compared to batteries and also their
cheaper cost in the long term. On the other hand, the fact that these
sources are clean and in fact do not produce pollutants can also be
considered another reason for choosing this backup source. As a result,
the combined wind and fuel cell system forms an electrical power gen-
eration complex that is environmentally friendly.

This study introduces a novel clean energy generation system that
leverages a wind farm in combination with advanced fuel cell storage
and a Proton Exchange Membrane (PEM) electrolyzer, alongside a

Table 4
Ranges: optimum variables.
Component Parameter Low High
A Number of wind turbines 15 40
B Number of fuel cells 1 10
C Number of electrolyzers 1 10
Table 5
Results obtained from the optimization of the system
Run Number of Number of Number of Exergy Cost
wind fuel cells electrolyzers efficiency rate
turbines (%) ($/h)
1 28 6 6 20.65 645.6
2 15 1 10 11.06 265.1
3 35 6 6 25.81 805.5
4 24 6 13 17.7 646.1
5 28 6 6 20.65 645.6
6 38 3 6 28.03 741.2
7 40 2 7 29.5 740.4
8 40 1 1 29.5 666.9
9 6 6 6 4.425 141.6
10 28 5 6 20.65 612.9
11 15 10 1 11.06 349.9
12 28 6 6 20.65 645.6
13 22 13 6 16.23 687.3
14 28 6 6 20.65 645.6
15 40 10 2 29.5 962.6
16 32 6 6 23.6 737
17 40 9 8 29.5 1123
18 19 9 10 14.01 568.4
19 28 6 3 20.65 599.7
20 15 1 1 11.06 252
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Table 6
Optimal value of decision variables.
Solution Wind turbines Fuel cells Electrolyzers Cost rate ($/h) Exergy efficiency (%) Desirability
1 37 1 2 619.901 27.9807 0.893954

Fig. 4. Effects [design parameters] on the OFs.

compression chiller, to deliver electricity, hydrogen, and cooling/heat-
ing products. The proposed system is specifically designed to manage
high energy demand during peak consumption periods in residential
buildings, thereby enhancing both reliability and sustainability. Unlike
conventional approaches, this research uniquely integrates wind energy
with fuel cell storage, enabling continuous power delivery and efficient
utilization of renewable resources, even during demand spikes or vari-
able wind conditions.

A key innovation of this work is the comprehensive optimization of
both technical and economic performance using Response Surface
Methodology (RSM), tailored to the diverse climatic and wind condi-
tions across multiple regions in Italy. Also, to stabilize the wind farm
production process when wind speed decreases, the use of fuel cells can
improve the electricity production process. The study systematically
evaluates the impact of weather parameters-such as ambient tempera-
ture and wind speed-on system performance, and identifies the optimal
regional site for deployment, thus offering actionable insights for future
clean power plant development in Italy.

The main contributions and novel aspects of this research are as
follows.

e Validation of system units including fuel cell, proton exchange
membrane electrolyzer and wind turbine with reputable references

e Development of a new hybrid system featuring a wind farm inte-
grated with a fuel cell storage unit.

e Design of a multi-functional clean energy plant capable of producing
electricity, hydrogen, and providing cooling and heating.

e Application of advanced response surface optimization to maximize
system efficiency and economic viability.

e Detailed assessment of climate variability and regional wind re-
sources in Italy, identifying the most suitable locations for
implementation.

e Comprehensive environmental analysis to quantify the sustainability
benefits of the proposed system.

e Performing Sankey analysis to display the exergy level and exergy
destruction of system units

By combining wind energy with fuel cell storage, this work advances
the reliability and stability of renewable power supply for residential
applications, offering a scalable pathway toward sustainable, low-
emission energy infrastructure. This integrated approach not only ad-
dresses the challenges of peak demand and resource intermittency but
also positions the proposed system as a forward-looking solution for the
evolving energy landscape in Italy and beyond.

Hybrid systems are one of the most suitable options for meeting
electrical demand in off-grid areas. In these systems, batteries are not
used due to their inefficiency in long-term storage; hence, a hybrid fuel
cell-wind turbine system is introduced to meet the electrical demand in
areas with monsoon winds.

2. Description: a novel co-generation system

Fig. 1 illustrates new proposed co-generation system, which is
designed to harness renewable wind energy. The system features a wind
farm composed of multiple wind turbines that capture wind energy. Key
components of the proposed system include the wind turbine subsystem,
a PEM fuel cell, a PEM electrolyzer, and a compression chiller that
produce cooling and heating. The primary outputs generated by this
integrated system are clean electricity, cooling, heating, oxygen, and
hydrogen. Initially, electricity is produced by converting the kinetic
energy of the wind through the wind turbines.

The thermodynamic analysis of the wind-powered hybrid system was
conducted by establishing mass and energy balances for each control
volume, under several simplifying assumptions including steady-state
operation, negligible pressure drops in hydrogen pipelines, and insig-
nificant changes in both potential and kinetic energy. Fundamental
thermodynamic relations were employed to evaluate the system’s per-
formance, while energy and economic rates for each component were
calculated using established equations from relevant literature. The
input data utilized for this comprehensive analysis of the wind power
plant are summarized in Table 1 [16-25]. A notable strength of this study
is the selection of 5m/s as the input parameter for wind speed, which aligns
with the average annual wind speeds observed in the case study cities
analyzed. The mean annual wind speeds in these locations approximate
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5m/s, providing a robust justification for this choice of input. Moreover, this
parameter can be adjusted to reflect different wind speed values when
considering alternative case studies, thereby enhancing the flexibility and
applicability of the model.

3. Response surface methodology

Fig. 2 presents a comprehensive flowchart outlining the step-by-step
methodology adopted in the present research. The process begins with
the selection of independent variables, which is achieved by identifying
factors that have significant effects on proposed co-generation system
through preliminary screening researches and by clearly defining the
boundaries of the test area. Once the key variables are established, the
methodology proceeds to optimization using the steepest downward
slope method. This approach facilitates the movement towards more
favorable experimental conditions, ultimately aiming to identify the
optimal point. The next step involves determining the optimal values of
the influencing factors. This is accomplished by employing Central
Composite Design (CCD) test designs in conjunction with a quadratic
regression pseudo model, enabling a robust exploration of the experi-
mental space. Subsequently, a mathematical and statistical evaluation of
the experimental data is performed utilizing a suitable polynomial
function. This evaluation guarantees that the connections between
variables and outcomes are precisely represented [26,27].

4. Results and discussion
4.1. Validation

To guarantee the accuracy and reliability of the research findings, a
thorough validation process was implemented prior to conducting the
main system analysis. Since the proposed system is a novel design,
particular attention was given to validating the Proton Exchange
Membrane (PEM) electrolyzer subsystem, which plays a critical role in
the overall system performance. For this purpose, the operational results
of the PEM electrolyzer obtained from the simulation were rigorously
compared with experimental data reported by Ioroi et al. [28]. This
comparative analysis, depicted in Fig. 3, clearly demonstrates a strong
correlation between the simulated outcomes and the reference experi-
mental results. The high degree of agreement observed not only con-
firms the accuracy of the developed model but also reinforces the
credibility of the simulation approach.

To increase the validity of the research, the validity of the fuel cell
coding with Leto and Di Lorenzo (2024) [29] has been examined in
Table 2 and the output voltage has been calculated.

Another validation study examined the power output of the wind
turbine used in the wind farm, and the validation results are presented in
Table 3.

4.2. Optimization

In this study, a comprehensive multi-objective optimization is car-
ried out utilizing the Response Surface Methodology (RSM). RSM is
employed to systematically determine the optimal amounts for both
objective functions (OFs) and the associated design variables, ensuring a
balanced and effective optimization process.

International Journal of Hydrogen Energy 179 (2025) 151536

A total of six critical design variables have been carefully selected as
optimization parameters based on their substantial influence on the
overall system performance. These variables were identified through
preliminary screening studies and are considered pivotal in achieving
the desired system outcomes.

The optimization process is structured around two primary
objectives.

1. Maximizing exergy efficiency — enhancing the system’s ability to
convert available energy into useful work, thereby improving overall
performance.

2. Minimizing total system cost — reducing the economic burden
associated with system implementation and operation, making the
solution more feasible and attractive.

By addressing these dual objectives, the study aims to achieve a well-
balanced design that offers both high efficiency and cost-effectiveness.

The ranges and specific details of the selected optimization variables
are comprehensively summarized in Table 4. This table provides an
overview of each variable, including its lower and upper bounds,
ensuring transparency and reproducibility in the optimization process.

Through the structured application of RSM, as depicted in Fig. 2, the
study systematically explores the design space, evaluates the influence
of each variable, and ultimately identifies the optimal configuration that
best satisfies the defined objectives.

Table 5 presents the outcomes of the 20 experimental design points
generated for the optimization process, with each point representing a
unique combination of the selected variables. These results, derived
from the Response Surface Methodology (RSM), were used to system-
atically model and analyze the relationships between the optimum
variables and the OFs —namely, exergy efficiency and system cost. The
data were then visualized and further evaluated using Minitab software,
which facilitated the identification of the most optimal solution by
plotting the objective function responses against the values of the opti-
mization variables. This approach enables a clear determination of the
optimal parameter settings that best meet the desired performance
criteria for the system.

Table 6 summarizes the optimal solution derived from the Response
Surface Methodology (RSM) for both the decision variables and objec-
tive functions. These results represent the best-performing configuration
identified after applying the multi-objective optimization and screening
process, highlighting the ideal balance between system performance and
cost.

In the following, the regression equation of the two OFs of exergy
efficiency and system cost rate is calculated.

Exergy efficiency (%)= — 0.005 + 0.73 Number of wind turbines
— 0.0002 Number of fuel cells + 0.0007 Number of electrolyzers
+ 0.000054 Number of fuel cells *Number of fuel cells
— 0.000053 Number of electrolyzers *Number of electrolyzers
— 0.000014 Number of wind turbines *Number of fuel cells
— 0.000001 Number of wind turbines *Number of electrolyzers
+ 0.00001 Number of fuel cells*Number of electrolyzers
€y

Cost rate ($ /h) =46.9 + 14.09 Number of wind turbines — 8.67 Number of fuel cells — 10.9 Number of electrolyzers
+0.001 Number of wind turbines*Number of wind turbines + 0.03 Number of fuel cells *Number of fuel cells

+ 0.09 Number of electrolyzers *“Number of electrolyzers + 0.98 Number of wind turbines *Number of fuel cells

+ 0.45 Number of wind turbines *Number of electrolyzers + 2.03 Number of fuel cells *Number of electrolyzers 2)
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Fig. 5. The process of optimizing exergy efficiency.

Fig. 6. The process of optimizing the cost rate.
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Fig. 7. Optimal state: design parameters - exergy efficiency.

Fig. 4 illustrates the impact of various design parameters on the OFs.
As shown, the number of wind turbines emerges as the most influential
factor affecting both the exergy efficiency and the cost rate of proposed
co-generation System.

Figs. 5 and 6 provide a comprehensive visualization of the optimum
process for the two primary OFs: exergy efficiency and cost rate. Each
figure presents a set of residual plots that are essential for evaluating the
adequacy and reliability of the regression models developed during the
optimization.

Fig. 5 displays the residual analysis for exergy efficiency (%). The
four subplots included are.

e Normal Probability Plot: This plot assesses the normality of the
residuals. The data points closely follow the straight reference line,

indicating that the residuals are approximately normally distributed,
which validates the underlying assumptions of the regression model.
Residuals vs. Fitted Values: This scatter plot shows the distribution
of residuals against the predicted exergy efficiency values. The
random dispersion of points around the zero line suggests homo-
scedasticity, meaning the variance of the residuals is constant across
all fitted values.

Histogram of Residuals: The histogram further confirms the normal
distribution of residuals, with most values clustered around zero and
a symmetric spread, reinforcing the appropriateness of the model.
Residuals vs. Observation Order: This plot illustrates the residuals
in the order of data collection or simulation runs. The lack of any
discernible pattern or trend indicates that the residuals are inde-
pendent and not influenced by the sequence of observations.

Fig. 6 presents the residual analysis for the cost rate ($/h), following

Fig. 8. Optimal state: design parameters - cost rate.
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Fig. 9. Wind energy potential of Italy [33].

a similar structure.

Normal Probability Plot: The residuals align well with the refer-
ence line, confirming their approximate normality and supporting
the validity of the regression model for cost rate.

Residuals vs. Fitted Values: The residuals are randomly scattered
around zero, indicating no systematic bias and confirming the
assumption of equal variance.

¢ Histogram of Residuals: Most residuals are centered near zero, with
a roughly bell-shaped distribution, further validating the model’s
assumptions.

Residuals vs. Observation Order: The residuals display no
apparent trend or autocorrelation, demonstrating the independence
of errors across the optimization runs.

Fig. 7 illustrates the three-dimensional variations of the key decision
variables affecting exergy efficiency, with the objective of maximizing
this performance metric. Because the main goal of the system is to

produce renewable energy and reduce environmental contamination,
improving exergy efficiency directly helps increase the generation of
clean power, thus promoting a more sustainable energy approach.

Fig. 8 presents a three-dimensional visualization of how key design
parameters influence the system’s cost rate, with the primary objective
being its minimization. By optimizing the cost rate, the analysis not only
assesses the economic feasibility of the system but also ensures that the
power plant operates within acceptable cost boundaries while main-
taining high performance. This approach is widely supported in the
literature, where response surface and cost modeling techniques are
used to evaluate and minimize the total cost of wind energy systems by
considering variables such as the number of turbines, component sizing,
and site-specific factors. Ultimately, reducing the cost rate through
design optimization contributes to making clean energy solutions more
competitive and sustainable.
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Fig. 10. Ambient temperature [case studies].

Fig. 11. Wind speed changes in the study cities.

Fig. 12. Amount of electricity production.

5. Case study power. Italy has set ambitious targets for renewable energy, aiming for
30 % of its total final energy consumption to come from renewables by

Italy was selected as the study region for the proposed power plant 2030, with wind energy expected to play a central role. The country
due to its significant wind energy potential and the broader European currently has approximately 12.3 GW of installed wind capacity, pro-
commitment to expanding renewable energy sources, particularly wind ducing around 23.4 TWh of electricity annually [31], and aims to

10
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Fig. 13. Amount of electricity produced for peak moving.

increase this capacity by an additional 16.3 GW—including 2.1 GW of
offshore wind—to reach a total of approximately 28.6 GW by 2030, as
outlined in the National Energy and Climate Plan [32].

Wind resources and wind farm installations in Italy are predomi-
nantly concentrated in southern regions such as Apulia, Basilicata,
Campania, and Sicily, which exhibit the highest wind potential and
account for the majority of the country’s operational wind power ca-
pacity. The selection of Italy, and specifically its high-wind regions,
aligns with both the technical requirements of the proposed system and
the national strategy to decarbonize the energy sector. Fig. 9 provides a
map of the study location, highlighting these key areas for wind energy
development.

The economic, technical & environmental performance of the pro-
posed wind power plant was evaluated across seven major Italian cities:
Torino, Bologna, Firenze, Palermo, Genova, Milan, and Rome. In
Figs. 10 and 11 of city-specific input values that are commonly used in
energy, climate, or environmental studies for (Turin, Bologna, Flor-
ence, Palermo, Genoa, Rome, Milan). These parameters are typically
gathered for each city to ensure accurate, site-specific analysis. Fig. 12
displays the average monthly ambient temperature variations in these
cities throughout the year, revealing a range from 0 °C to 30 °C, the peak
temperatures happen in the summer months of June, July, and August.
This study examines how various weather conditions affect the effi-
ciency of wind farms, highlighting Italy’s temperate climate profile. The
country’s wind energy sector is primarily concentrated in the southern
regions and islands, but major urban centers across the country are also
being considered for advanced renewable projects. This comprehensive
approach allows for a robust assessment of the system’s viability under

diverse environmental conditions.

Fig. 11 illustrates the monthly average wind speed variations
throughout the year for the selected case studies. The data indicate that
these case studies are located in areas with very good wind potential,
with wind speeds ranging from 1 to 6 m/s over the course of the year.
These findings confirm that Italy possesses favorable wind conditions
suitable for effective wind energy generation.

Fig. 12 illustrates the monthly variations in power generated by the
proposed wind farm for electricity production, corresponding to changes
in ambient temperature & wind speed across the seven case studies. As
expected, the system’s power output increases with higher wind speeds,
reflecting more efficient capture of renewable energy by the wind farm.
In other words, power generation is directly proportional to wind speed.
Due to seasonal fluctuations in wind speed, the plant’s performance
varies throughout the year, with the amount of electricity production
ranging from O to 4,000,000 kWh annually. In this study, the entire
quantity of electricity generated by the system is assumed to be sold
directly to the urban grid networks of the respective cities. This
approach reflects a scenario where all produced electrical energy is fed
into the city’s power infrastructure, contributing to the local electricity
supply and supporting urban demand. By considering full electricity
sales to the grid, the analysis focuses on evaluating the system’s po-
tential economic returns and its impact on the city’s overall energy mix
without accounting for on-site consumption or storage.

The fuel cell unit is supplied with hydrogen and oxygen produced by
the wind power by the electrolyzer powered by wind energy plant,
serving to enhance electricity generation capacity and provide addi-
tional power during peak consumption periods in residential buildings,

Fig. 14. Hydrogen production rate.
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Fig. 15. The oxygen production rate.

Fig. 16. Cooling output for one year.

particularly during the hot season and peak electricity demand hours.
Fig. 13 Illustrates how the power output of both the wind farm and the
fuel cell unit fluctuates in response to variations in ambient temperature
& wind speed across the seven case studies, highlighting their perfor-
mance during periods of peak electricity consumption and production.
The results indicate that incorporating the fuel cell unit increases the
annual electricity sold to the grid to a range between 0 and 4,250,000
kWh, representing an improvement of approximately 25,000 kWh per
year.

In this study, the electricity production from the fuel cell serves two
important roles within the energy system. Firstly, it acts as a reliable
power source during periods of peak electricity demand, helping to meet
the increased consumption needs when the load on the grid is highest.
Secondly, the fuel cell contributes to stabilizing the overall electricity
supply by compensating for the variability and intermittency inherent in
wind power generation. By providing a steady and controllable output,
the fuel cell helps to smooth fluctuations caused by changing wind
speeds, thereby enhancing the stability and reliability of the combined

Fig. 17. Heating produced in one year.
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Fig. 18. Monthly reduction of CO, emissions (tonCO,/MWh) achieved by wind farms in the selected study cities.

Fig. 19. Monthly reduction in carbon dioxide emission costs ($/tonCO,) due to wind farm operation in selected study cities.

power system.

The wind farm includes two PEM electrolyzer units responsible for
water molecule splitting, with their electricity supply fully provided by
the wind power. Consequently, fluctuations in electricity generation

directly affect the performance of the PEM electrolyzers. Fig. 14 illus-
trates the monthly variations in hydrogen production in relation to
changing weather conditions. Since 20 % of the wind farm’s output
power-generated by 37 optimally operating wind turbines-is allocated to

Fig. 20. Expansion of green hectares.
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Table 7
Environmental analysis of the proposed system.
City Peak CO; emission Environmental cost Hectares
moving reduction ($/tonCO5)
(MWh) (tonCO/MWh)
Torino 1659.995 338.6389 8127.333 1.645209
Bologna 5380.042 1097.528 26340.68 5.332122
Firenze 3076.445 627.5947 15062.27 3.049043
Palermo 14989.97 3057.953 73390.88 14.85645
Genova 28435.1 5800.761 139218.3 28.18184
Rome 2604.355 531.2885 12750.92 2.581159
Milan 1136.989 231.9458 5566.7 1.126862
Table 8

Amount of hydrogen and oxygen produced in the study cities annually.

City H, (kg/year) O, (kg/year)
Torino 11566.63 5786.813
Bologna 35959.68 17991.07
Firenze 20962.37 10487.49
Palermo 97175.81 48619.87
Genova 180537.1 90332.93
Rome 17828.81 8920.109
Milan 8061.206 4032.806

power the two PEM electrolyzer units, the hydrogen production is
closely linked to the wind farm’s overall power output.

Fig. 15 illustrates the annual variations in oxygen production in
relation to changing weather parameters. The results demonstrate that
the system’s oxygen production rate is directly linked to the wind farm’s
power output, as 20 % of the wind farm’s electricity-generated by 37
wind turbines operating in optimal conditions-is allocated to power the
proton exchange membrane (PEM) electrolyzer. In PEM electrolysis,
water is split into hydrogen and oxygen, with both gases produced in
proportion to the supplied electrical energy. Therefore, fluctuations in
wind power generation due to weather changes directly impact the rate
of oxygen produced by the system throughout the year.

Fig. 16 illustrates the annual variation in the cooling output provided
by the system’s compression chiller. The cooling capacity fluctuates in
direct proportion to the wind farm’s electricity generation, as 20 % of
the wind farm’s electrical output is allocated to power the compression

International Journal of Hydrogen Energy 179 (2025) 151536

chiller. This means that when wind-generated electricity increases, the
cooling output rises accordingly, and when electricity production de-
creases, the cooling capacity is similarly reduced. This direct relation-
ship ensures that the system’s cooling performance is closely tied to the
availability of renewable energy from the wind farm, optimizing both
energy use and system efficiency.

Fig. 17 illustrates the annual variations in heat output produced by
the system’s condensing chiller. The fluctuations in heat production are
directly linked to the wind farm’s electricity generation, as 20 % of the
wind farm’s electrical output is dedicated to powering the condensing
chiller. Consequently, increases or decreases in wind-generated elec-
tricity lead to corresponding changes in the heat produced by the system
throughout the year.

6. Environmental analysis

Fig. 18 examines carbon dioxide emissions, Fig. 19 shows the related
expenses of these emissions, and Fig. 20 determines the land expansion
rate per hectare for the planned wind farm. Traditional power plants
release about 0.204 tons of CO; for each 1 MWh of electricity produced,
with each ton of CO, causing an environmental cost of 24$. Moreover,
the average value attributed to non-waterfront bottomland habitat is
estimated at 4940 per hectare [34,35].

Fig. 20 illustrates the monthly expansion of equivalent green land
area (in hectares) resulting from the reduction of CO5 emissions through
wind farm operation in the selected cities. This metric translates the
environmental benefit of avoided emissions into the land area that
would be required to naturally sequester the same amount of carbon
dioxide. The calculation is based on the economic value assigned to non-
waterfront bottomland habitat (4940 per hectare) and the estimated
cost of carbon emissions (24 $ per ton of CO5).

Table 7 describes the environmental benefits of the designed system
on an annual basis for the three study cities.

Table 8 presents the amount of hydrogen and oxygen produced in the
study cities on an annual basis.

7. Economic analysis
Fig. 21 shows the cost distribution of the system components. The

system components are divided into 4 main parts, including the wind
farm unit, the PEM electrolyzer, the fuel cell unit, and the compression

Fig. 21. Cost rates of system components.
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Fig. 22. Comparison of system unit cost rates.

chiller. The total system cost is calculated to be 619 $/h. The highest
system cost belongs to the wind turbine unit, which has a cost rate of 563
$/h. Then, in the next step, the PEM electrolyzer unit for separating
water molecules and producing hydrogen and oxygen has the highest
cost rate with a cost rate of 46 $/h. The fuel cell unit with a cost rate of 6
$/hand the compression chiller unit with a cost rate of 3 $/h are
considered the cheapest system units.

Fig. 22 compares the cost rate of 1 wind turbine with other system
equipment.

8. Exergy analysis

Fig. 23 shows the exergy and exergy destruction of the system
equipment. As the results show, the total exergy destruction of the sys-
tem is 2161.54 kWh and the system’s power output to the grid is 7187

International Journal of Hydrogen Energy 179 (2025) 151536

kWh. The highest exergy destruction is related to the wind farm with 37
turbines and is 1189.09 kWh, and the lowest exergy destruction is
related to the fuel cell unit with 23.10 kWh.

Table 9
Amount of electricity needed by one person.
City Power generation Electricity consumption Electricity needed for
(kWh/per year) for one person (kWh/per  the number of people
year) =)
Torino 1,659,995 4928 336
Bologna 5,380,042 4928 1091
Firenze 3,076,445 4928 624
Palermo 14,989,970 4928 3041
Genova 28,435,100 4928 5770
Rome 26,04,355 4928 528
Milan 11,36,989 4928 230
Table 10
Comparison with the results of the conducted researches.
Research Renewable System products Efficiency Cost
energy (%)
Present Wind energy Cooling, heating, Ho, 27.98 619.9
work O, and electricity $/h
[37]1 Solar energy Electricity, heating, 25.18 46.6
cooling $/h
[38] Solar energy Electricity 36.44 13.76
$/h
[39] Geothermal Electricity, cooling, and 40.3 % 6.9
energy hydrogen $/GJ
[40] Solar and Electricity, domestic 35.2 % 37.8
geothermal hot water, cooling load, $/GJ
energy and hydrogen

Fig. 23. Exergy analysis and exergy destruction of the system.
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Fig. 24. Monthly changes in hydrogen production rates in the best study city.

Fig. 25. Monthly changes in oxygen production rates in the best study city.
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9. Average annual electricity consumption for case studies per
person

In Table 9, the results of the electrical energy production of the
studied power plants in the studied cities are calculated to provide the
electrical energy required per person (EIA [36]).

10. System comparison

In this part, the technical and economic performance of the system
has been compared with related research, and results such as the amount
of energy production of the system and the cost of the system have been
presented. The result of comparing the results extracted in this research
with the work of others is presented in Table 10.

11. The best city

The city of Genoa, Italy, is considered the best area for setting up a
power plant due to the hydrogen and oxygen production rate of the
system, and it should be noted that this system has high performance in
cities with similar climatic conditions to Genoa, and this power plant can
be used in these cities.

In Figs. 24 and 25, the monthly hydrogen production of the system
designed in the present work for the city of Genoa is examined.

12. Conclusion

This research introduced an innovative design for a wind power
plant powered by fuel cells, intended to provide electricity during peak
demand times in residential areas, while simultaneously generating
hydrogen and oxygen to supply the fuel cell, along with offering cooling
and heating through a compression chiller unit. The system captures
wind energy via turbines, which also deliver electricity to PEM elec-
trolyzer and the compression chiller. A multi-objective optimization
approach, utilizing response surface methodology, was applied to
identify the best combination of electrolyzers & wind turbines, and fuel
cell units. The optimal setup included 37 wind turbines, one fuel cell
unit, and two electrolyzer units, achieving an exergy efficiency of 27.98
% and a cost rate of 619.9 $/h. Furthermore, TOPSIS technique pro-
posed an alternative arrangement consisting of 32 wind turbines, 2
electrolyzers, and 2 reverse osmosis units. Twelve scenarios were
examined to distribute wind farm electricity among grid supply, elec-
trolyzers, and reverse osmosis, with the ideal allocation being 55 % to
the grid, 20 % to electrolyzers, and 25 % to reverse osmosis. The pro-
posed co-generation system’s performance was assessed in seven Italian
cities: Torino, Bologna, Firenze, Palermo, Genova, Milan, and Rome.
Among these, Genova, Palermo, and Bologna were identified as the most
advantageous locations due to their better wind resources and power
plant efficiency. Specifically, installing the system in Genova could
produce about 28,435.1 MWh of electricity annually, avoid the emission
of 5800.76 tons of COy—equivalent to an environmental cost saving of
139,218.3%$—and help preserve 28 ha of green land.
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