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Abstract: This comparative study examines the potential for green hydrogen production in Europe
and the Middle East, leveraging 3BMWp solar and wind power plants. Experimental weather data
from 2022 inform the selection of two representative cities, namely Krakow, Poland (Europe), and
Diyala, Iraq (Middle East). These cities are chosen as industrial-residential zones, representing the
respective regions’ characteristics. The research optimizes an alkaline water electrolyzer capacity
in juxtaposition with the aforementioned power plants to maximize the green hydrogen output.
Economic and environmental factors integral to green hydrogen production are assessed to identify
the region offering the most advantageous conditions. The analysis reveals that the Middle East
holds superior potential for green hydrogen production compared to Europe, attributed to a higher
prevalence of solar and wind resources, coupled with reduced land and labor costs. Hydrogen
production costs in Europe are found to range between USD 9.88 and USD 14.31 per kilogram, in
contrast to the Middle East, where costs span from USD 6.54 to USD 12.66 per kilogram. Consequently,
the Middle East emerges as a more feasible region for green hydrogen production, with the potential to
curtail emissions, enhance air quality, and bolster energy security. The research findings highlight the
advantages of the Middle East industrial-residential zone ‘Diyala” and Europe industrial-residential
zone ‘Krakow’ in terms of their potential for green hydrogen production.

Keywords: green hydrogen production; solar and wind power plants; Europe and Middle East
comparison; alkaline water electrolyzer; comparative regional analysis

1. Introduction

The world energy systems are in a state of transition. As we continue to grapple with
the impacts of climate change and the urgent need to reduce greenhouse gas emissions,
alternative energy sources have become increasingly important. One such promising
alternative is green hydrogen, which is an emerging technology that uses renewable
energy sources, such as solar and wind energy and water, to produce hydrogen via the
electrolysis of water without releasing any additional carbon dioxide or harmful gases
into the atmosphere. Green hydrogen is a potential solution to many environmental
challenges associated with traditional hydrogen production, which is highly dependent
on fossil fuels [1]. Green hydrogen production has the potential to reduce greenhouse gas
emissions, improve air quality, and reduce dependence on fossil fuels. In addition, green
hydrogen could also be used to store and transport energy, providing a more mobile and
flexible energy source. This technology is still in its early stages, but its potential is very
promising [2,3].
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The decarbonization targets set by the Conference of the Parties (COP) are achievable
with the production of green hydrogen. However, the renewable production approach is
less cost-effective than traditional fossil fuel production [4]. Green hydrogen production
from electrolysis is a rapidly growing technology that can be used to create large-scale
hydrogen production from renewable energy sources. This technology uses electricity from
renewable sources to split water molecules into hydrogen and oxygen. Then, the hydrogen
is stored for later use. Generated hydrogen can be used in various ways, including fuel
cells, as a transportation fuel, or as a product for many industrial processes. It can reduce
the emissions of many of these processes, providing a more sustainable energy source.

Previous studies on the production of massive amounts of green hydrogen have
demonstrated that the production of green hydrogen can be significantly increased through
renewable energy sources such as solar, wind, and hydropower [5]. Studies have also
shown that electrolysis is the most efficient process for the production of green hydrogen [6].
Furthermore, using green hydrogen for energy storage has been identified as a critical factor
in a comprehensive energy transition strategy [7]. In addition, the use of green hydrogen to
decarbonize the industrial sector has been highlighted as a significant opportunity to reduce
emissions and promote economic growth. Developing a green hydrogen infrastructure
and integrating hydrogen into the gas network are essential steps for successful energy
transitioning (ET) [8].

A review article on massive green hydrogen production presented by Hoisang and
Sakaushi [9] discusses important factors for developing electrodes that can be used in the
production of green hydrogen through water electrolysis. The authors highlight the need
for dimensionally stable electrodes that can operate efficiently and durably at large scales.
The article provides insights into the criteria that should be considered when designing such
electrodes. The performance of water electrolysis systems based on energy-combination
solar photovoltaic modules (PV) and wind turbines (WT) for massive production of green
hydrogen was explored by Mazzeo et al. [10]. An interactive design generated a compre-
hensive dataset representing hybrid hydrogen production at different sites. The results
indicated that the yearly and monthly averages and the overall quantity of green hydrogen
generation calculated for several sites worldwide are very different. Guerra et al. [11]
conducted a conceptual investigation of the electrolysis-based production of hydrogen.

In the assessment, a sensitivity analysis of key factors relevant to the electrolysis plant
capacity of the order of megawatts has been conducted. The results of the optimization
approach revealed that a 165 MW stack was the most suitable size for an electrolyzer
stack, as determined by analyzing the implications of the operating cost and equity in-
vestment. The authors show that hydrogen generation in Chile would be technologically
possible, profitable, and environmentally beneficial. Furthermore, the sensitivity analysis
indicated that the electrical energy price is the primary variable influencing the hydrogen
generation cost.

Coming down to Poland, green hydrogen production in Poland is gaining momentum
as the country aims to decarbonize its energy sector. With abundant renewable resources
like wind and solar, Poland has the potential to become a major player in green hydrogen.
Investments are being made in electrolysis technologies to harness renewable energy for
hydrogen production. Komorowska et al. [12], in their work, provided a detailed analysis
of the LCOH (levelized cost of hydrogen) considering the geographical coordinates of
23 planned offshore wind farms in the Baltic Sea. Furthermore, a comparison was made on
hydrogen production costs from offshore and onshore wind parks in 2030 and 2050. The
results showed that hydrogen from offshore wind could range between EUR 3.60 and EUR
3.71/kg Hj in 2030, whereas in 2050, it may range from EUR 2.05 to EUR 2.15/kg H.

Franco et al. [13] explored the feasibility of using wind power to produce hydrogen
offshore. The study focused on analyzing different offloading pathways for this process,
considering both energy and economic factors. The study assesses the efficiency and costs
associated with various hydrogen production methods and transportation options. The
findings of the study aim to provide valuable insights for decision-makers and stakeholders
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interested in offshore hydrogen production using wind power. Ulleberg and Hancke [14]
focused on assessing the feasibility and economic viability of small-scale hydrogen supply
systems for zero-emission transportation in Norway. The study involves conducting techno-
economic calculations to evaluate the costs and benefits associated with implementing such
systems. The study aims to provide valuable insights into the practicality and potential of
using hydrogen as a clean energy source for transportation in Norway, considering both
the technical and economic aspects of the infrastructure required. Bhandari and Shah [15]
conducts a techno-economic evaluation of decentralized hydrogen production in Germany.
The study focuses on assessing the feasibility and economic viability of producing hydrogen
in smaller, decentralized facilities. The study analyzed the costs, energy requirements, and
overall efficiency of different hydrogen production technologies. The findings provide
valuable insights into the potential of decentralized hydrogen production in Germany,
considering both the technical and economic aspects of the process. Minutillo et al. [16]
focused on assessing the levelized cost of hydrogen production in refueling stations with
on-site water electrolysis in Italy. The study analyzed the economic viability of producing
hydrogen through this method and considered factors such as capital costs, operating
costs, electricity prices, and hydrogen demand. The outcomes provide insight into the cost
competitiveness and feasibility of on-site hydrogen production via water electrolysis in the
context of the Italian scenario.

Furthermore, analysis of the triangular probability distribution of individual variables
suggests that the cost would have been positive 75% of the time at a given confidence level.
Milani et al. [17] outlined various hydrogen production pathways and possible scenarios for
integrating renewable energy systems, highlighting their potential and capabilities. Their
investigation centers on practical and economic integration alternatives in Australia, which
could steadily guide the maturation of the hydrogen economy towards mass production for
local and international markets. The authors compare techno-economics and performance
analysis of diverse production-to-utilization routes, aiming to identify key players and
significant challenges and opportunities for solar and wind hydrogen fuel cells to effectively
penetrate and progress in the Australian electricity sector. Mosca et al. [18] designed a large-
scale scheme for green hydrogen production using transmembrane processors. Various
processors and degrees of incorporation for membranes and catalysts were taken into
account. They utilized the Aspen tool to evaluate the heat and material balance of the
system, its efficiency, and hydrogen production. An economic evaluation was also included
to assess the financial feasibility of the proposed method. Lee et al. [19] conducted a
techno-economic study for green hydrogen production based on seasonal solar radiation
data for single and hybrid systems built as an alkaline electrolyzer and an energy storage
system. Their findings suggested that the hybrid power system unit hydrogen production
costs were roughly USD 6.55/kg Hj for a single system. Moreover, the results indicated a
preference for the hybrid system when the battery cost is less than USD 78.2/kWh.

In another study, Lee et al. [20] explored a suitable scenario where the electrolyzer
could be cost-competitive for hydrogen based on various economic factors, including the
average electricity price. Their results indicated that electricity cost is the most influential
economic determinant for the hydrogen cost. Weidner et al. [21] examined several methods
to produce hydrogen at a rate of 500 Mt/year. Their results suggested that the impact of
expected production rates on environmental issues exceeds the planetary limitation by
three to five times, with green hydrogen from wind energy remaining under the limit. In
addition to the mentioned literature, Table 1 provides a summary of several other studies
examining massive hydrogen production in different countries.
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Table 1. Literature on massive green hydrogen production.
Investigated Evolution
Country Target Project Details Span [Year] Ref.
Green and Blue Cost evaluation of
Us Hydrogen alternative options for 2050 [22]
contextualization =~ mitigating climate change
Green and blue Becomes renewable
Germany hydrogen based on 2030 and 2030, 2050 [23]
production 2050 projections
Cost evaluation of
Green and Blue alternative options to
UK Hydrogen mitigate climate - [24]
contextualization change and country
energy consumption.
. Wind-altering efficiency
Designed for . -
Spain green hydrogen increases PV efﬁClency for 2030, 2050 [25]
roduction future massive green
P hydrogen production.
Green and Blue Cost-benefit analysis of
solar and fossil sources for
Canada Hydrogen climate mitigation and [26]
contextualization Lga ot at
alternative fuels.
Designed for Reduced investment costs
Spain green hydrogen and an increase in 2050 [27]
roduction renewable energy
P adoption until 2050.
Various hydrogen
Green and Blue production methods with
Switzerland Hydrogen . cqmmeraahzatmn 2030 [28]
contextualization implications, and energy
policy by using
green hydrogen.
. Improvement in
Designed for L
Netherlands green hydrogen pho?ovol'talc efficiency and - [29]
roduction estimation of low future
P hydrogen costs.
Different levels of capture
Designed for efficiency, leakage rate,
us green hydrogen and time horizon are - [30]
production compared for green
and blue hydrogen.
Green hydrogen analysis at
Designed for changing hydrocarbon
Germany green hydrogen emission rates for various - [31]
production methods for low green
hydrogen cost.
Green and blue hydrogen
UK Gr;}n dir;deliue with an evaluation of ) [32]
conte?( tualgi;za tion carbon saved when oil and
gas is replaced.
Designed for Green hydrogen analysis at
Germany green hydrogen changlng hydrocarbon 2030, 2050 [33]
production emission rates for

various methods.
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Green hydrogen can greatly contribute to significant emission reductions across vari-
ous sectors. For instance, in the realm of transportation, green hydrogen can fuel vehicles
and ships, effectively replacing fossil fuels and diminishing the carbon footprint of these
sectors. Industries can also leverage green hydrogen as a substitute for fossil fuels in
processes such as steel and chemical production, as well as cement manufacturing [34,35].
The potential of green hydrogen as a means of decarbonization is remarkable. It can
significantly cut greenhouse gas emissions and replace fossil fuels across diverse appli-
cations, thus contributing substantially to climate change mitigation. As investment in
green hydrogen production and technology escalates, it will further reduce the cost of
green hydrogen production, rendering it increasingly accessible and affordable [36]. Green
hydrogen production is a pivotal step towards a decarbonized economy and, therefore,
warrants comprehensive embrace and support for humanity to effectively combat climate
change [37].

Megaprojects for green hydrogen production are currently being developed, with a
goal to satiate escalating global demand [38]. Such initiatives frequently employ renewable
energy sources like solar or wind energy, along with electrolysis and other innovative tech-
nologies, to manufacture green hydrogen. The hydrogen thus generated finds applications
in various sectors, such as transportation, heating, electricity generation, and industrial pro-
cesses [39,40]. These megaprojects not only facilitate a shift away from fossil fuel reliance
towards a cleaner, more sustainable energy future but also offer cost-effectiveness, poten-
tially invigorating economic growth [41]. In addition, green hydrogen presents itself as a
potential global energy source, thereby ensuring energy security for nations worldwide.

While green hydrogen production megaprojects promise a plethora of advantages,
numerous hurdles persist. These encompass the financial implications of the projects, the
requisite technology for green hydrogen generation, and the infrastructure essential for
hydrogen transportation and storage [42,43]. There are also apprehensions surrounding the
safety and security measures of hydrogen production and storage installations. However,
with suitable investment backing, these initiatives can facilitate a reduction in fossil fuel
reliance, spawn employment opportunities, and stimulate economic advancement [44].
Moreover, they can aid in establishing a cleaner and more secure energy future, bypassing
the environmental repercussions associated with conventional fossil fuels. A synopsis of
large-scale global green hydrogen production initiatives is provided in Table 2.

Table 2. Global massive green hydrogen projects [45—49].

Project Name Project Site Project Description and Capacity
The Nethrands, T v prfs s ofsre WTand converc ey i e
Wind Power Hub Denmark, and Germany ydrogen. gy canp p &

hydrogen, with an estimated cost of EUR 47 billion.

South Korean Green

The major green hydrogen initiative is to reduce its dependence on fossil
South Korea fuels and create a clean energy economy. The project is expected to cost

Hydrogen Initiative USD 90 billion and produce 15 Mt of green hydrogen annually by 2030.
This EUR 1 billion project will produce 2.5 Mt of green hydrogen in
Vattenfall Hydrogen Sweden Sweden by 2023. It will produce green hydrogen from wind and solar
energy for industrial applications, transport, and energy storage.
The project is a collaboration between the UK and Japan for a 5 GWpa
Gigastack Project UK elec.trolyz‘er to produce green hydrogen worth' QBP 1 billion b}{ 2025. The
project will produce green hydrogen by combining offshore wind energy,
carbon capture and storage technology.
The project is a collaboration between Japan and Australia and aims for a
Fiydrogen Energy Jopan 12030 The proect el roduce green bydrogen fom renewable energy
Supply Chain p . The project will produce green hydrogen from renewable energy

sources and will be used for industrial applications, transport,
and energy storage.
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Table 2. Cont.

Project Name

Project Site Project Description and Capacity

German Hydrogen
Strategy

Germany has announced a hydrogen strategy to produce 5 Mt of green
hydrogen by 2030 for EUR 5.5 billion. The project will produce green
hydrogen from wind and solar energy and will be used for industrial

applications, transport, and energy storage.

Germany

Power-to-X

The project is a collaboration between Austria and Switzerland and aims
to produce 3 Mt of green hydrogen for EUR 2 billion by 2027.
Austria The project will produce green hydrogen from wind and solar energy
and be used as a fuel or energy carrier for energy storage,
transport, and industrial applications.

Dutch Green
Hydrogen Corridor

Netherlands

The project is a collaboration between the Netherlands and Belgium and
aims to produce 5 Mt of green hydrogen for EUR 2 billion by 2027. The
project will produce green hydrogen from wind and solar energy and
will be used for industrial applications, transport, and storage.

French Hydrogen Valley

The project is a collaboration between France and Germany and aims to
produce 4 Mt of green hydrogen for EUR 6 billion by 2030. The project
will produce green hydrogen from wind and solar energy and will be
used for industrial applications and energy storage.

France

Hydrogen Valley

The project is a collaboration between Norway and Sweden and aims to
produce 2 Mt of green hydrogen for EUR 1.5 billion by 2027. The project
will produce green hydrogen from wind and solar energy and will be
used for industrial applications, transport, and storage.

Norway

While there exists significant literature studying the potential of green hydrogen

production via renewable sources, a clear research gap persists in a number of areas that
our study aims to address.

Firstly, there is limited research investigating a direct comparison of green hydrogen
production potentials between Europe and the Middle East using both solar and wind
energy. This gap is particularly noticeable when it comes to studies based on empirical
weather data for specific cities representing these regions. Our study fills this gap by
presenting a comparative analysis for Krakow, Poland, and Diyala, Iraq, grounded in
experimental weather data from 2022.

Secondly, most of the existing studies on green hydrogen production do not holis-
tically integrate economic and environmental factors in their analyses. They often
neglect to include cost parameters such as labor and land costs, which can significantly
influence the feasibility of large-scale hydrogen production. Our study incorporates
these economic factors alongside environmental considerations, offering a more com-
prehensive and nuanced understanding of the hydrogen production landscape in the
selected regions.

Thirdly, the research addressing the optimization of alkaline water electrolyzer ca-
pacity, specifically in relation to 3 MWp solar and wind power plants, is sparse. Our
study contributes to this underexplored area by optimizing the electrolyzer capacity
to maximize the green hydrogen output, thus adding a layer of technical specificity to
our comparative analysis.

Therefore, our research contributes significantly to the existing body of knowledge

by bridging these identified gaps, ultimately aiding the informed decision-making pro-
cess regarding the massive production of green hydrogen in diverse geographical and
economic contexts.

This study aims to compare the production of green hydrogen using solar and wind

energy between Europe (Poland case study) and the Middle East (Iraq case study) to
facilitate the implementation of massive green hydrogen production in the region and
provide a valuable reference for other regions of the world. This work aims to identify
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and compare the advantages and challenges of green hydrogen production from solar and
wind resources in Europe and the Middle East. The region is abundant in solar and wind
resources and is well-positioned to become a large-scale producer of green hydrogen. By
analyzing the potential for green hydrogen production in the region, this work will provide
valuable information to policymakers and stakeholders looking to develop this clean
energy source. This covers various topics, such as the infrastructure, cost, and technical
feasibility of green hydrogen production in both regions. The study would also explore the
potential for green hydrogen export from the Middle East to Europe. Additionally, it will
help identify the best strategies for efficient and effective deployment of green hydrogen
production in the region. This type of research has yet to be conducted and would be
a valuable contribution to the literature highlighting the potential of green hydrogen in
two investigated regions.
The novelty of the research lies in the following aspects:

1.  Geographical focus: this is the first study to specifically compare green hydrogen
production between Krakow, Poland, and Diyala, Iraq, representing Europe and
the Middle East, respectively. This particular comparison illuminates the diverse
challenges and opportunities across these two regions, thus contributing to a more
nuanced understanding of the global green hydrogen landscape.

2. Dual-energy source utilization: while some studies have explored solar or wind energy
for green hydrogen production individually, this research combines these two renewable
sources, aligning with the emerging concept of hybrid renewable energy systems. This
approach acknowledges the intermittent nature of both solar and wind energy and
maximizes the reliability of the power supply for hydrogen production.

3.  Detailed economic analysis: the study delves into the detailed economic factors
influencing green hydrogen production in the two selected regions, which provided
a comprehensive cost breakdown, ranging from the cost of the renewable energy
infrastructure to the labor costs. These insights will be valuable for policymakers and
investors in understanding the economic viability of green hydrogen production in
these regions.

4. Environmental implication assessment: the research also quantifies the potential
environmental benefits of green hydrogen production. These findings underscore the
environmental sustainability of green hydrogen and highlight its role in addressing
global climate change.

2. Methodology
2.1. Materials and Methods
2.1.1. Industrial-Residential Zones

The Krakow industrial-residential zone is located in the city of Krakow, Poland,
situated at approximately 50.0647° N latitude and 19.9445° E longitude. Krakow is a
historic city in southern Poland and is known for its cultural significance. The industrial-
residential zone benefits from its location along the banks of the Vistula River, providing
access to water resources that can be utilized for various purposes within the zone. The
zone operates within the political framework of Poland, governed by local authorities and
subject to national and local regulations and policies. External economic indicators, such
as international trade policies, foreign investment, global economic trends, and regional
economic integration, play a role in shaping the economic environment of Krakow and its
industrial-residential zone.

The Diyala industrial-residential zone is located in Diyala Governorate, situated in
eastern Iraq. The Governorate is located between approximately 33.7487° N and 44.6230° E
in terms of latitude and longitude coordinates. Diyala Governorate is traversed by the
Diyala River, a major water source in the region. This river serves as a vital water resource
that can be utilized for various purposes within the industrial-residential zone. The politics
of the Diyala Governorate are governed by the national and local authorities of Iraq. It
operates within the political framework of the country, which includes relevant regulations,
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policies, and governance structures. Specific details regarding the local political dynamics
within the industrial-residential zone are not provided and would require more specific
information. External economic indicators that influence the Diyala industrial-residential
zone include factors such as regional and global economic trends, foreign investment, and
international trade policies. These indicators contribute to shaping the economic landscape
within the zone, attracting businesses, and influencing economic development.

Due to measurement and experimental weather data for both sites, in this study,
two locations were selected to analyze green hydrogen production using solar and wind
resources. Generally, there is growing interest in green hydrogen production in Europe
and the Middle East. Both regions have the potential to produce massive quantities of
green hydrogen, but there are a few key differences between the two areas that should
be considered.

In Europe, green hydrogen production is developing and has been snowballing in
recent years. The region has abundant renewable energy resources and is home to some of
the largest renewable energy producers in the world, allowing significant green hydrogen
production potential. Europe is already making strides toward becoming a leader in the
field [5,50].

Green hydrogen production is a relatively new and growing field in the Middle East.
The region has some of the world’s most abundant renewable energy resources, making
it an ideal location for massive green hydrogen production. However, the region also
faces some unique challenges, such as a need for energy storage infrastructure and limited
access to financing. Furthermore, political instability could be a significant roadblock to the
development of green hydrogen production [51,52].

Europe and the Middle East can produce massive amounts of green hydrogen. How-
ever, the two regions face different challenges, and it is essential to consider these differences
when looking at the potential of green hydrogen production in each area.

2.1.2. Experimental Weather Data

The experimental data were acquired at a high one-minute resolution for 2022 and
for industrial-residential zones: Diyala and Krakow revealing various climate conditions.
Figure 1 shows the wind speeds from experimental measurements in Krakow and Diyala
for 1 March and 1 August. The wind speeds on 1 March were significantly different, with
Krakow having an average wind speed of 0.87 m/s and Diyala having an average wind
speed of 4.55 m/s. This difference can be attributed to Krakow’s temperate climate and
having less wind. In contrast, Diyala is semi-arid and has a higher wind speed. On August
01, the wind speed in Krakow and Diyala was significantly different, with Krakow having
an average wind speed of 1.25 m/s and Diyala having an average wind speed of 3.41 m/s.

16
1 Krakow (a)
—— Diyala

March 01, 2022 | l

S

-

N
1

Wind speed, m/

T T T T T T T T T T T
03:30 07:00 10:30 14:00 17:30 21:00

Figure 1. Cont.
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Figure 1. The wind speed from experimental measurements for Krakow and Diyala, results for the
days: (a) 1 March and (b) 1 August of 2022.

Figure 2 shows the daily measured ambient temperature for 1 March and 1 August
2022 for Krakow and Diyala, revealing distinct temperature differences. On 1 March,
Krakow’s average ambient temperature was 2.1 °C, while Diyala’s was equal to 20.5 °C. On
August 01, Krakow’s average ambient temperature was 21.7 °C, while Diyala’s was equal
to 42.4 °C. The two cities reveal that Krakow has significantly lower ambient temperatures
than Diyala, especially in the winter, which will impact the PV system efficiency.

50
25 ] K.rakow (a)
{1 — Diyala
40
S 35 March 01, 2022
U 30 1
2 25
o W
8_20 §
QE) 15 ]
F 107
5 4
0 -w
5 T T T T T T T T T T T T T
03:30 07:00 10:30 14:00 17:30 21:00
50 b
45 ] Eraklow (b)
0] iyala
O35 1
©397 August 01, 2022

325
E 4
5 20

o]
% 15
10
5 4
0 -

_-5 T T T T T T
03:30 07:00 10:30 14:00 17:30 21:00
Day time

Figure 2. The ambient temperature from experimental measurements for both cities Krakow and
Diyala for the days (a) 1 March and (b) 1 August of 2022.
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Figure 3 shows the daily measured solar radiation, in Krakow city, on 1 March 2022.
The solar irradiance measured in Krakow for these days was 1.79 kWh/m?, and in Diyala,
it was 1.99 kWh/m?. This is a relatively low value considering the time of year since the
solar radiation is not as high as it can be in the summer months. On 1 August 2022, the solar
irradiance measured in Krakow was 2.96 kWh/m?, and in Diyala, it was 3.77 kWh/m?.
This is a significantly higher value than on 1 March, as the sun radiation is more intensive
during the summer months in both cities and the days are longer.

1.0
Krakow (a)
NE —— Diyala
= 0.8
E March 01, 2022
0.6
c
©
B 0.4
S
S 02
n
0.0 T T T T T T T T T T T
03:30 07:00 10:30 14:00 17:30 21:00
1.0
Krakow (b)
~ .
c —— Diyala
= 0.8 4
E | August 01, 2022
0.6
C
o
B 0.4
3
S 0.2
n
00 T T T T T 1
03:30 07:00 10:30 14:00 17:30 21:00
Day time

Figure 3. The solar radiation from experimental measurements for both Krakow and Diyala, results
for the days: (a) 1 March and (b) 1 August of 2022.

Table 3 provided the weather data from experimental measurements for the year 2022
for both cities. As expected, the data show that Krakow has a lower wind speed and solar
irradiance but also ambient temperature compared to Diyala. This is due to the differences
in climate between the two cities. The data from Table 3 will help better understand the
weather patterns of both cities and how they may have changed over the year. These
data can be used to make more informed decisions about the best preparation for extreme
weather conditions in the next analysis.

Table 3. Monthly average weather data from experimental measurements for the year 2022 for
both cities.

Wind Speed, m/s Temperature, °C Irradiance, kWh/m?/d
Month
Krakow Diyala Krakow Diyala Krakow Diyala
Jan 2.02 1.26 2.72 9.79 0.72 1.92
Feb 2.08 1.47 5.55 14.88 1.69 3.04
Mar 1.27 1.92 6.08 20.56 3.58 4.24

Apr 1.48 1.95 9.37 21.69 3.46 5.18
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Table 3. Cont.
Month Wind Speed, m/s Temperature, °C Irradiance, kWh/m?2/d
ont

Krakow Diyala Krakow Diyala Krakow Diyala

May 1.32 1.63 17.68 28.11 5.69 6.07

Jun 1.25 2.28 22.20 33.20 6.30 6.91

Jul 1.32 24 22.06 33.47 5.64 6.84

Aug 1.14 2.14 2291 34.45 4.67 5.88

Sep 1.18 1.64 15.23 27.49 3.10 4.57

Oct 0.89 0.98 14.02 24.44 2.39 3.04

Nov 1.01 1.05 6.69 19.12 091 2.08

Dec 1.18 0.93 2.79 16.66 0.40 1.59

The annual weather data measurements for 2022 in Krakow and Diyala are expected to
be quite different, as these two locations are in different climates. The average wind speed
for Krakow was approximately 1.3 m/s, and for Diyala, approximately 1.6 m/s; the average
ambient temperature for Krakow was approximately 12.3 °C, and for Diyala, approximately
23.6 °C; and the solar irradiance for Krakow was approximately 3.21 kWh/m?/day, and
for Diyala, approximately 4.28 kWh/m?/day.

2.2. Proposed Model and Governing Equations

The study presented different scenarios of alkaline water electrolysis using two renewable
energy sources: photovoltaic (PV) power plants and wind turbines as shown in Figure 4.
They focus on two specific locations: Krakow and Diyala.

2.5 MW WT Power plant

2.5 MW PV Power plant

Alkaline water electrolysis

H, storage

Wind green hydrogen

H, storage

Solar green hydrogen
Figure 4. Scenarios of alkaline water electrolysis based on photovoltaic power plant and wind turbine.

For the Krakow case, the PV array is positioned with the optimal yearly adjustment.
The tilt angle (B) is set at 35 degrees, and the azimuth angle () is 20 degrees south facing,
indicating that the PV panels are oriented towards the south, deviating by 20 degrees from
due south. This specific positioning is chosen to maximize solar energy absorption and the
generation capacity of the PV array in Krakow. For the Diyala case, the PV array is also
positioned with the optimal yearly adjustment. The tilt angle (B) is set at 31 degrees, and
the azimuth angle () is 0 degrees south facing. This positioning is chosen to optimize the
solar energy absorption and generation capacity specifically for the Diyala location [53].
By analyzing these cases, the authors assess the performance and cost of alkaline water
electrolysis based on the PV array configuration and positioning in each location.
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2.3. Modeling and Economic Setup
2.3.1. Power and Hydrogen Production Model

The PV power production is estimated using a model equation that takes into account
factors such as solar irradiance, temperature, PV system characteristics, and losses [54,55]:

Ppy = fpvYpy[l +ap(Tc — Te,stc)] ( 1)

St )
St,sTC

The degradation of PV power caused by ambient temperature is determined by
considering solar irradiance and ambient temperature as factors in the analysis as [56,57]:

Joutk = &0 Tk4 + Pk Jink ()

Ak Ging = Z Aj Gout Fj 3)

The WT power output is determined using Equation (4), which incorporates factors
such as the wind speed, turbine characteristics, and efficiency to estimate the electrical
power generated by the wind turbine [58]:

Pwr=05-p-m-r*-Cp-Cr-v*-Ng-Np 4)

The electricity consumption of AWE systems is calculated using Equation (5), which
takes into account factors such as the electrical efficiency to estimate the power consumed
by the AWE system [59,60]:

I ZAE.mH2+BE. m/H2 (5)

Equation (6) represents the required electrical power for compressing hydrogen in a
tank. It considers parameters such as the compression efficiency, hydrogen flow rate, and
pressure differential to estimate the power needed by the compressor motor [61,62]:

-1
Pyto ) 7 ( g ) ( Thici )
P = —2— |R[ — 6
o (Phti §—1 Mhte O, ©

Equation (7) represents the calculation of the hydrogen tank pressure. It takes into
account factors such as the initial tank pressure, hydrogen flow rate, and time to estimate
the pressure within the hydrogen storage tank:

R Ty,
Pean x = - htel Mh tan K (7)
Vh tan K

The PV array provides DC electricity, but the demand is typically AC; therefore, the
converter is required to convert DC power to AC power; in addition, it is applied in the
power system to regulate the energy flow. The efficiency of the converter can be calculated
as [63,64]:

POCO?I (8)

Neon=
Picon

The model equations used to compute the power generated by AWE using solar and
wind energy are described as:

(i) using only solar energy:
Pawgt = Ppvy  for  Ppyy = Paweg )
(ii) only using wind energy:

Pawes = Pwry for  Pwry > Pawgy (10)
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(iii) using solar and wind energies:
Ppy for Ppy; > Pawgs; Pwry =0
Pawes = § Pwry for Pwry > Pawgs; Ppyy =0 (11)
Ppy i + Pwr,t for Ppy;+ Pwri > Pawe,

2.3.2. Economic Model

The economic model used to compute the cost of hydrogen in USD/kg considers the
specifications of 3 MW for the AWE, PV, and WT presented in Table 4. The model takes into
account factors such as capital costs, operating costs, energy production, system efficiency,
and other relevant parameters to estimate the cost of hydrogen production per kilogram.
By analyzing these components and their associated costs, the economic model provides
insights into the economic feasibility of hydrogen production using the specified solar and
wind power plants.

Table 4. The selected component specifications.

Component  Efficiency (%) Model Life Span (Year) Cost Ref.
PV module 18.7 Luminous 15 USD 780/kW [65]
WT - Enercon 15 USD 370/kW [66]
Converter >95 Luminous 10 USD 450/ kW [65]
AWE >95 Geemblue 10 USD 601.2/kW [67]

Water and other expenses are accounted for in different proportions relative to the
total capital costs in the given context. Firstly, they represent 0.3% of the total capital costs,
indicating that a small fraction of the overall investment is allocated towards water-related
expenses. Secondly, in the case of the AWE, 45% of its capital costs are attributed to water
and other related expenses, emphasizing the significance of water in the AWE system.
Additionally, these expenses account for 2% of the total capital costs, further underscoring
their importance. Moreover, the cost of water is specified as USD 0.0015 per liter, likely
indicating the unit price for water procurement or treatment. Lastly, there is a mention of
1% of the total capital cost being allocated towards water and other expenses, highlighting
their impact on the overall project budget.

The capital recovery factor (CRF) model is represented by Equation (12). This factor
is used to determine the present value of future cash flows and assists in calculating the
equivalent annual cost or revenue associated with an investment. It considers factors
such as the interest rate, project lifespan, and the concept of time value of money. By
applying the capital recovery factor, future costs or revenues are converted into their present
value equivalent, allowing for meaningful comparisons and assessments of investment
profitability or costs over time. It helps in evaluating the financial viability and economic
feasibility of projects by considering the impact of discounting future cash flows [68,69].

i(1+14)"

CRF= ———~—
(1+i)" =1

(12)
where i is the discount rate (4%) and n is the 10-year lifespan [70].
The AWE for the hydrogen production rate is calculated as follows:

Qm, =1f (I\;CFIG ) (13)

The model equation for computing the hydrogen production cost, represented by
Equation (14), encompasses various factors to estimate the cost per unit of hydrogen
produced. This equation typically takes into account parameters such as capital costs,
operating costs, energy consumption, hydrogen production efficiency, and the lifetime of
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the hydrogen production system. By considering these variables, the equation provides an
estimate of the cost required to produce a certain quantity of hydrogen [71-75].

n Mc
I+ Lt Gy

HC =
t—1 Hi

(14)

2.4. Optimization Process

The genetic algorithm optimization process is a powerful tool for optimizing the
alkaline water electrolyzer capacity for maximum green hydrogen production from solar
and wind energy [76]. This optimization process uses a population of individuals to
represent different possible solutions to a given problem. Everyone in the population has
a set of parameters or variables that define it. The goal of the optimization process is to
find the individual in the population with the best combination of parameters to maximize
green hydrogen production.

To start the optimization process, an initial population of individuals is created. Every-
one is given a set of random parameters, which will determine the individual performance.
The population of individuals is then subjected to a series of tests or simulations. During
each test, the performance of each individual is evaluated according to the desired goals
and objectives. Individuals with the best performance are selected from the population and
allowed to reproduce, creating a new generation of individuals. The process is repeated
for every new generation of individuals until the best combination of parameters is found.
The parameters of the best-performing individual can then be used to optimize the alkaline
water electrolyzer capacity for maximum green hydrogen production. This optimization
process helps to ensure that the optimal solution is found in the most efficient way possible.
This process helps to maximize the efficiency of these systems and to ensure that they can
produce the desired amounts of green hydrogen. The flow chart of a simulation of an
energy system is shown in Figure 5.

start with simulation in time step
1 = 1:525600

/

Input 1 minutes temopral
resolution, wind speed,sclar
irridiance ambient temprature

Y

Initialize WT, PV module temperature then get

IIOrPl

I Obtain the Capacity (AW E) I
C m—- | Calculate the Hydrogen Production

{ Criterion reached? '

- |
Yes

Figure 5. The simulation steps for the proposed system.

If not, Pecon
Guessed Value




Energies 2023, 16, 5445

15 of 26

3. Results and Discussion

The study used a combination of empirical and computational analysis to optimize the
AWE capacity. Empirical analysis was used to determine the optimal operating conditions
for the design parameters, while computational analysis was used to model the system and
simulate the performance of various configurations. The first scenario involves obtaining
the AWE capacity for both cities using a 3.0 MW solar power plant, and the second scenario
involves obtaining the AWE capacity for both cities using a 3.0 MW wind power plant.
Six AWE capacities (0.5-3.0 MW) were selected to provide the best capacity to match the
selected power plant while producing green hydrogen.

The large-scale solar photovoltaic power plant consists of more than 4620 modules
(0.65 kWp per module) and uses the latest technology in solar energy generation. For
both cities, the photovoltaic modules positioned the optimum year orientation: Krakow
(e =53°, B = 20° south-facing; Diyala (&« = 30°, 3 = 0° south-facing); in providing as much
solar energy as possible, the plant also provides economic benefits to local communities by
creating jobs in the construction and installation of the solar power plant. The large-scale
WT power plant consists of 12 WT units with 250 kW (as described in Table 3) with a hub
height of 50 m and uses the latest technology in wind energy generation.

3.1. Energy Production Analysis

Figure 6 shows the daily power production of the specified 3.0 MW solar PV power
plant. On 1 March 2022, the solar PV power plant in Krakow generates a total of approx-
imately 17.746 MWh, and in Diyal, approximately 13.356 MWh. On 1 August 2022, the
solar PV power plant in Krakow generated a total of approximately 16.257 MWh and
17.972 MWHh (see Table 5).

3.0

Krakow (@)
2.5 \:l Diyala

March 01, 2022

2.0 P/AV/\/W\
15 y

1.0- \
0.5 1 NG \
0.0 : : | _ _ .

T T T T T T T
03:30 07:00 10:30 14:00 17:30 21:00

PV Power, MW

3.0
Krakow (b)
25 \:l Diyala
August 01, 2022 e N
= 2.0 /“/ N
= /[ N
2 / | |
= 1.5+ y
) [N
S
g 1.0+
0.5
0.0 T T T T T T T T T T T
03:30 07:00 10:30 14:00 17:30 21:00
Day time

Figure 6. Daily PV power production for the day: (a) 1 March and (b) 1 August.
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Table 5. Daily energy production.

c PV Energy, kWh WT Energy, kWh
it
y 1-Mar 1-Aug 1-Mar 1-Aug
Krakow 17.74 16.25 0.0005 0.0021
Diyala 13.35 17.97 12.57 412

Figure 7 shows the daily production of WT power. On 1 March 2022, the WT power
plant in Krakow generates a total of approximately 0.00053 MWh, and in Diyal, approxi-
mately 12.575 MWh. On 1 August 2022, the WT power plant in Krakow generated a total
of approximately 0.00216 MWh, and in Diyala, 4.120 MWh (see Table 5 for reference).

3.0 ] T
- Krakow I ‘\“\‘ ‘[ | (€Y
2.5 Diyala It I ‘ ‘\ '

\
March 01, 2022 il [l

N
o
1

WT Power, MW
=
(6}
|

1.0 H |
0.5 H
TRA
0.0 T . — =
03:30 07:00 10:30
3.0
-Krakow (b)
2.5 ‘Diyala
August 01, 2022
2 2.0
=
¢ 154
o
o
£ 1.0+
0.5+
0.0 N /\',\ — ',f _— - . - . \‘,I
03:3 07:0 10:30 14:00 17:30

Dav time
Figure 7. Daily WT power production for the day: (a) 1 March and (b) 1 August.

Figure 8a,b depict the monthly energy generated by PV and WT power plants for
selected cities, respectively. The 3 MW solar PV power plant located in Krakow can generate
approximately 3842.817 MWh/year with a daily average of 10.528 MWh. This is enough
to power the needs of more than 3000 households combined between the two cities. The
3.0 MW WT power plant located in Krakow can generate approximately 0.127 MWh/year.
The 3.0 MW solar photovoltaic power plant located in Diyala can generate approximately
4722.902 MWh/year with a daily average of 12.93 MWh. The 3.0 MW WT power plant
located in Diyala can generate approximately 0.401 MWh/year.

In both cities, the WT power plant generated a low amount of energy compared to
capacities and investment, thus making it unsupported for either electricity production
or green hydrogen. The amount of power generated by the solar PV power plant will
vary depending on the weather conditions. During sunny summer days, the plant can
produce up to 50% more energy than during overcast winter days. The plant is also capable
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of producing additional energy during the night, thanks to the production of energy by
wind turbines. In general, the 3.0 MW solar photovoltaic power plant located in Krakow
and Diyala is capable of generating a reliable and consistent supply of renewable energy,
making it an important part of the regional energy mix.
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Figure 8. Monthly energy generated for selected location from: (a) PV and (b) WT.

3.2. Green Hydrogen Production Analysis
3.2.1. Hydrogen Production Using a 3 MW PV Power Plant

The simulation results of the monthly production of green hydrogen using an alkaline
water electrolyzer with a capacity of 0.5-3.0 MW based on a 3.0 MW solar PV power
plant for both investigated cities are presented in Figure 9. The results show that the
maximum monthly hydrogen production of the electrolyzer is dependent on the amount of
energy generated by the photovoltaic power plant, which is low during the winter months
and high during the summer months for both cities. In addition, the simulation results
also showed that the maximum monthly hydrogen production increases with increasing
electrolyzer capacity; however, this increase is not linear, and beyond a certain threshold,
the saturation process is observed. This shows the importance of selecting an appropriate
capacity for the electrolyzer to maximize the hydrogen production rate and minimize costs.

The simulation results of the annual green hydrogen production using an alkaline
water electrolyzer with a capacity ranging from 0.5 MW to 3 MW based on a 3 MWp
solar PV power plant revealed that the system has high potential. It showed that the
production of hydrogen from solar energy could be a promising and viable alternative to
more traditional sources of energy, as presented in Figure 10. The green hydrogen produced
in Diyala is larger than in Krakow (approx. 20%) for all used AWE capacities due to the
higher solar radiation, as presented in Section 2.2. According to the simulation results, the
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optimal AWE capacity for both cities was 2.5 MW, which can match a 3.0 MW solar PV
power plant. The optimized system generated green hydrogen at a rate of approximately
89,762 kg /year in Krakow and 113,337 kg/year in Diyala.
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Figure 9. Monthly production of green hydrogen using photovoltaic energy based on a variety of
AWE capacities for: (a) Krakow and (b) Diyala.
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Figure 10. Annual production of green hydrogen based on photovoltaic energy at several AWE
capacities for Krakow and Diyala.

3.2.2. Hydrogen Production Using 3.0 MW PV+ 3 MW WT Power Plants

Figure 11 shows the simulation results for monthly green hydrogen production using
an AWE with a capacity between 0.5 MW and 3 MW, based on a 3.0 MWp solar PV and
3.0 MW WT power plants, for both cities analyzed. The results indicate that the maximum
monthly hydrogen production of the electrolyzer is dependent on the amount of energy
provided by the photovoltaic power plant, which is low in winter and high in summer for
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both cities. In addition, simulation findings revealed that the maximum monthly hydrogen
production increases as the electrolyzer capacity usually increases; however, this growth is
not linear and not observed for each month. This demonstrates the importance of selecting
a suitable electrolyzer capacity to maximize the hydrogen production rate.
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Figure 11. Hybrid system annual production of green hydrogen at different AWE capacities for:
(a) Krakow and (b) Diyala.

3.3. Green Hydrogen Production Cost

The cost of green hydrogen is a crucial factor when considering the feasibility of
renewable energy projects. In this section, we discuss the green hydrogen production cost
for a 3.0 MWp solar photovoltaic power plant and a 3.0 MW wind turbine power plant for
Krakow, Poland; and Diyala, Iraq.

In Krakow, using economic regulations of Poland, the cost of green hydrogen produc-
tion from a 3.0 MWp solar PV power plant is estimated to be approx. USD 9.88/kg H,.
This is based on the cost of the solar power plant, the cost of the electrolyzer and the cost of
storage and transportation. The cost of green hydrogen from the 3.0 MW WT power plant
in Krakow is estimated to be around USD 14.31/kg H,. This is based on the cost of the WT,
the cost of the electrolyzer, and the cost of storage and transportation. In Diyala, using the
economic regulations of Iraq, the cost of green hydrogen production from a 3.0 MWp solar
PV power plant is estimated to be around USD 6.54/kg Hj. This is based on the cost of the
solar power plant, the cost of the electrolyzer and the cost of storage and transportation.
The cost of green hydrogen from the 3.0 MW WT power plant in Diyala is estimated to be
around USD 12.66/kg Hj. This is based on the cost of the WT, the cost of the electrolyser,
and the cost of storage and transportation.

The cost of green hydrogen production from the two renewable energy sources varies
depending on the location. In Krakow, Poland, the green hydrogen cost of the solar
photovoltaic power plant is lower than that of the WT power plant. In Diyala, Iraq, the
green hydrogen cost of the solar photovoltaic power plant is lower than that of the WT
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power plant. It is important to note that the cost of green hydrogen varies depending on the
location, size of the power plant, and other factors. Therefore, it is important to consider all
of these factors when evaluating the cost of green hydrogen production. Additionally, it
is important to consider the long-term cost of green hydrogen production when deciding
which renewable energy source to use. Figure 12 shows the sensitivity analysis of the
hydrogen production cost using a solar PV power plant.

| +25% 6.7 12.51
Instalation - 4.7 12.66
_ | Krakow, PV
PV efficiency 51 13.1
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Figure 12. Sensitivity analysis of the hydrogen production cost using a 3SMW solar photovoltaic
power plant for: (a) Krakow and (b) Diyala.

Figure 13 shows the sensitivity analysis of different variables on the cost of green
hydrogen production using a wind power plant. The results of the analysis indicate that
the cost of green hydrogen is affected by the cost of the turbine, the cost of electricity, the
cost of labor, and the cost of raw materials. In conclusion, a cost and sensitivity analysis
using a 3.0 MW WT power plant for Krakow and Diyala has shown that the cost of green
hydrogen production is highly sensitive to the cost of electricity. The analysis also showed
that the cost of electricity is the most sensitive variable, followed by the cost of labor and
the cost of raw materials. This analysis can be used to determine the best way to reduce the
cost of green hydrogen production in both cities.
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Figure 13. Sensitivity analysis of the hydrogen production cost using a 3.0 MW solar WT power plant
in: (a) Krakow and (b) Diyala.

4. Conclusions

Green hydrogen cost analysis and sensitivity analysis for two cities, Krakow and
Diyala, from different climatic zones were carried out. Analyses involved comparing
hydrogen production costs using a 3.0 MWp solar PV system and 3.0 MW WT power plant.
The analysis shows that the cost of hydrogen production using a solar photovoltaic power
plant located in Krakow is significantly higher than the cost of hydrogen production in
Diyala due to the higher cost of electricity in Krakow and the lower weather resources
(solar and wind).

The sensitivity analysis shows that the cost of hydrogen production using the solar
photovoltaic power plant is susceptible to changes in the electricity price. In the case of
hydrogen production from the wind turbine plant (due to the lower wind resources), the
electricity price is higher than PV, causing higher hydrogen production costs. Additionally,
the cost of producing hydrogen for the Krakow location with a solar photovoltaic power
plant (USD 9.88/kg H,) is significantly higher than that estimated for the Diyala site
with a solar photovoltaic power plant (USD 6.54/kg Hj). A hydrogen cost production
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comparison suggests that the solar photovoltaic power plant is the most cost-effective
option for producing hydrogen at both locations.

The presented analysis allows us to draw essential conclusions. First, the cost of
electricity in Krakow is significantly higher than in Diyala and therefore may only apply to
some locations.

Second, the sensitivity analysis does not consider the actual cost of solar photovoltaic
and wind turbine power plants, which vary significantly due to market instability and
governmental incentives. This may substantially affect the price of hydrogen production.

Third, the analysis shows that the optimum AWE capacity is 2.5 MW for both cities, as
the feedstock cost may affect the overall cost of hydrogen production.

The comparison of the green hydrogen cost using a 3.0 MWp solar PV power plant
and a 3.0 MW WT power plant for both cities shows that using a solar PV power plant
is more cost-effective than the WT power plant in both regions. The sensitivity analysis
also shows that the cost of producing hydrogen using the solar photovoltaic power plant is
more sensitive to changes in the price of electricity than the cost of producing hydrogen
from the WT power plant. However, the cost of electricity in Krakow and the cost of solar
photovoltaic and WT power plants have yet to be considered and, therefore, may affect the
overall cost of hydrogen production.

5. Future Perspectives

The growing energy demand has led to an increased focus on renewable energy
sources such as wind and solar. As a result, many countries in Europe and the Middle East
have begun investing in green hydrogen production, solar photovoltaic power plants, and
WT power plants. Green hydrogen is produced through electrolysis, which uses electricity
to split water into its components, hydrogen and oxygen. Generated hydrogen can then be
used in industrial processes and transportation, which is a positive step forward in the effort
to reduce our dependence on fossil fuels and mitigate climate change. Countries in Europe
and the Middle East seek green hydrogen production solar photovoltaic power plants and
WT to reduce their reliance on fossil fuels and carbon footprint. This comparative analysis
of green hydrogen production potential in Europe and the Middle East, as represented by
Krakow, Poland and Diyala, Iraq, respectively, revealed significant differences between
these regions. The research employed a 3 MWp solar and wind power plant model and
optimized an alkaline water electrolyzer capacity to maximize green hydrogen production,
providing a unique, comprehensive assessment of these energy sources’ potential.

The study findings indicate superior potential for green hydrogen production in the
Middle East compared to Europe. This conclusion is primarily attributed to the Middle
East having a higher prevalence of solar and wind resources and its reduced land and
labor costs. More specifically, the research determined that the cost of hydrogen production
in Europe ranges between USD 9.88 and USD 14.31 per kilogram, while in the Middle
East, the costs span from USD 6.54 to USD 12.66 per kilogram. This difference in cost
and resource availability positions the Middle East as a more feasible region for green
hydrogen production. Beyond its feasibility, green hydrogen production in the Middle
East holds promise for significant environmental benefits, including potential reductions
in emissions, enhancements in air quality, and increased energy security. As such, this
study underscores the vital role the Middle East could play in the future of global green
hydrogen production, emphasizing the need for investment and support in this sector.
Future research should explore further region-specific factors influencing the production of
green hydrogen, such as the political climate and regulatory environment, to provide an
even more comprehensive analysis.

Europe and the Middle East have the potential to become leaders in green hydrogen
production. Europe and the Middle East must invest in research and development to
reduce the cost of green hydrogen production, which includes optimizing the efficiency
of solar photovoltaic and WT power plants, developing cost-effective storage solutions,
and improving the process of green hydrogen. Additionally, Europe and the Middle East
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must invest in educating the public about the benefits of green hydrogen production and
promoting its use in industry, transportation, and energy production. By investing in
the infrastructure, technologies, and research and development required, Europe and the
Middle East capitalized on the potential of green hydrogen to revolutionize the way energy
is produced and consumed, which will benefit their economies and help reduce global
greenhouse gas emissions and combat the effects of climate change.

There is a need for policy changes and incentives to encourage the development and
adoption of green hydrogen production solar PV power plants and WT power plants,
which could include tax incentives, subsidies, or other forms of support. It is vital to
ensure that the incentives are effective and do not discourage the adoption of renewable
energy sources.
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Abbreviations

AWE Alkaline water electrolyzer

NOCT Nominal operation cell temperature

PV Photovoltaic

STC Standard test conditions

WT Wind turbines

CRF Capital recovery factor

List of symbols

I, Electrolyzer current (A)

Ir Electrolyzer input power (kW)

MC Maintenance cost in (USD)

M Nominal hydrogen mass flow (kg/h)

n Project lifetime

NC Number of cells in series

Py Hydrogen tank inlet pressure (kW)

Pto Hydrogen tank outlet pressure (kW)

Peom Hydrogen compressor input power (kW)

Prank k Predicted pressure within the hydrogen tank (kW)
Picon Converter input power (kW)

Pocon Converter output power (kW)

PAWE, t Power of AWE (kW)

Qm Rate of hydrogen generated by the electrolyser (kg/h)
R Gas constant (Nm/kg)

Sstc Incident solar radiation at standard test conditions (kW /m?)
St Incident solar radiation (kW/m?2)

Tc Temperature of the PV (°C)

Tc, NOCT Cell temperature at which NOCT (°C)

Thici Hydrogen tank compressor inlet temperature (°C)
Vhiank Volume of hydrogen tank (m?)

Ypv Nominal capacity of PV (kW)

ap Temperature coefficient of power (%/°C)

he Efficiency of PV (%)

hh tan K Efficiency of hydrogen tank (%)
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heon Efficiency of converter (%)

hs Efficiency of AWE (%)

v Velocity of the wind (m/s)

Cp Wind turbine power coefficient

Cr Capacity factor

Ng Generator efficiency (%)

Np Gearbox efficiency (%)

0 Air density (kg/m3)

r PV module azimuth angle (degree)
B PV module tilt angle (degree)
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