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Abstract

Global population growth and industrialization have led to a rise in greenhouse gas
emissions, particularly in the transport sector. Decarbonizing transport modes using green
hydrogen fuels can help address energy transition, climate change mitigation, and sustainable
development. However, the high cost of producing green hydrogen is a factor limiting the
development of hydrogen-based renewable initiatives. Therefore, sizing green hydrogen
refuelling stations through optimization is crucial to balancing renewable energy production,
hydrogen production and storage capacity, and ultimately reducing the cost of green hydrogen
production. In this context, this study aims to analyse three different technical solutions that can
be developed and implemented to produce green hydrogen for refuelling stations using solar
and wind energy. The study focused on the sub-prefecture of Baté-Nafadji in Guinea, known
for its significant photovoltaic potential, and yielded promising results. Three hybrid renewable
power generation systems, namely a hybrid PV-wind and battery system, a grid-connected PV
system, and a stand-alone PV and battery system are proposed and analysed. The analysis is
performed using the open-source framework COMANDO for energy systems optimization. The
economic analysis has shown that the three hydrogen production configurations are
economically viable for the site under consideration compared to the renewable-powered
hydrogen refuelling stations described in the literature. The optimized solution shows that a
grid-connected PV hydrogen refuelling station with a capacity of 7.2 MW can generate 87,600
kg of green hydrogen annually, with a levelized cost of hydrogen of 2.67 $/kg and a total net
present cost of 47,541,000 $. This research will benefit policy-makers, energy planners and

investors concerned with Guinea's transition to sustainable transportation solutions.

Keywords: Optimal sizing, Green hydrogen, Refuelling stations, Hydrogen vehicles,

Sustainable transport.
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Résumé

La croissance de la population mondiale et l'industrialisation ont entrainé une
augmentation des émissions de gaz a effet de serre, en particulier dans le secteur des transports.
La décarbonisation des modes de transport a l'aide de carburants a base d'hydrogene vert peut
contribuer a la transition énergétique, a l'atténuation du changement climatique et au
développement durable. Toutefois, le cotit élevé de la production d'hydrogéne vert est un facteur
qui limite le développement d'initiatives en matiére d'énergies renouvelables basées sur
I'hydrogene. Par conséquent, le dimensionnement des stations de ravitaillement en hydrogeéne
vert par optimisation est crucial pour équilibrer la production d'énergie renouvelable, la
production d'hydrogéne et la capacité de stockage, et finalement réduire le cotit de la production
d'hydrogéne vert. Dans cette optique, cette étude vise a analyser trois solutions techniques
différentes qui peuvent étre développées et mises en ceuvre pour produire de I'hydrogene vert
pour les stations de ravitaillement en utilisant 1'énergie solaire et 1'énergie €olienne. L'étude s'est
concentrée sur la sous-préfecture de Baté-Nafadji en Guinée, connue pour son important
potentiel photovoltaique, et a donné des résultats prometteurs. Trois systémes hybrides de
production d'énergie renouvelable, a savoir un systeéme hybride solaire-éolien avec batterie, un
systéme solaire connecté au réseau et un systéme solaire et autonome avec batterie, sont
proposés et analysés. L'analyse est réalisée a I'aide du logiciel gratuit COMANDO qui permet
d'optimiser les systemes énergétiques. Les résultats de 1'analyse économique ont montré que les
trois configurations de production d'hydrogéne sont économiquement viables pour le site
considéré par rapport aux stations de ravitaillement en hydrogene alimentées par des sources
d'énergie renouvelables décrites dans la littérature. La solution optimisée montre qu'une station
de ravitaillement en hydrogene alimentée par un systéme photovoltaique connecté au réseau et
d'une capacité de 7,2 MW peut générer 87 600 kg d'hydrogene vert par an, avec un colit actualisé
de 2,67 $/kg et une valeur actuelle nette de 47 541 000 $. Cette recherche profitera aux décideurs
politiques, aux planificateurs énergétiques et aux investisseurs concernés par la transition de la

Guinée vers des solutions de transport durables.

Mots clés : Dimensionnement optimal, Hydrogene vert, Stations de ravitaillement, Véhicules a

hydrogene, Transport durable.
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1. Introduction

1.1. Background and motivation

Global concerns about the impact of climate change (CC) on our planet, the depletion
of finite fossil fuel reserves, and the imperative to transition toward sustainable and eco-friendly
energy solutions are becoming increasingly pressing (Ho66k & Tang, 2013, Alsayegh, 2021 and
Yohannes & Diedou, 2022). The transport sector is one of the most challenging sectors to
decarbonize and contributes significantly to air pollution and carbon dioxide (CO2) emissions
due to its heavy reliance on burning fossil fuels. This makes it one of the key sectors in terms
of energy transition. According to the International Energy Agency (IEA), transport has the
highest reliance on fossil fuels of any sector, making electric vehicles crucial for reducing
emissions and harmful air pollution in cities, as well as for reducing countries’ dependence on
oil imports. Population growth, increasing industrialization and continued heavy dependence
on fossil fuels have led to a significant rise in global CO; emissions, despite major technology-
driven improvements in energy efficiency and the rapid growth of renewables for power
generation (Barhoumi et al., 2022). Over the coming decades, demand for transportation is
expected to rise as the world's population expands, incomes rise, and more people can afford
cars, trains, and aeroplanes (Ritchie, 2020). Global transport will double, car ownership rates
will increase by 60%, and the demand for air passenger and freight transport will triple by 2070
(IEA, 2020). Combined, all these factors would lead to a sharp rise in transport emissions,
making transport crucial to achieving broader decarbonization targets. In this context,
hydrogen, especially when produced through electrolysis powered by renewable energy
sources, has shown promise as an alternative to traditional fossil fuels, offering a clean and
versatile energy carrier with the potential to revolutionize the transport industry. Hydrogen fuel
cell vehicles (HFCVs) have emerged as an alternative to conventional internal combustion
engine vehicles (ICEVs), offering zero-emission mobility with the potential for long-range
travel and rapid refuelling (Contestabile et al., 2011 and Apostolou & Xydis, 2019). However,
the environmental benefits of HFCVs are only maximized if the hydrogen they use is produced
from renewable sources and the carbon emissions associated with traditional hydrogen

production methods are avoided.

Despite the fact that green hydrogen has many potential advantages, it is crucial to
address the challenges with its production, storage, and fuelling, including the deployment of

infrastructure to support hydrogen vehicles. Optimal sizing parameters for such refuelling



stations are not fully determined in a systematic manner. It is common for existing studies to
ignore the optimization of the overall system by focusing on only one aspect, such as renewable
energy sizing or station design. The optimization process involves a complex interplay of
factors, including renewable energy sources, hydrogen demand, storage technology, and station
components. It provides insights into cost-effective and efficient operation by optimizing each
component's size. To fully benefit from the potential of green hydrogen as a clean transport fuel,
and to guide the implementation of a hydrogen refuelling infrastructure, this gap needs to be
addressed. This research will benefit policy-makers, energy planners and investors concerned
with Guinea's transition to sustainable transportation solutions. This study's outcomes will
inform decision-making for sustainable transportation in Guinea by offering insights into green

hydrogen refuelling infrastructure's technical, economic, and environmental dimensions.

In the following sections of this document, we will discuss the statement of the research
problem, the research questions, the research objectives as well as the research hypotheses. And

this introductory part will end with the announcement of the main points of the document.

1.2. Problem statement

The global transportation sector is a major contributor to greenhouse gas (GHGs)
emissions and air pollution and requires a transition to cleaner and more sustainable fuel
alternatives. To accelerate the global transition to zero-carbon transport, there are a growing
number of regulatory measures, including the upcoming ban on the sale of internal combustion
engine vehicles (ICEVs), and ongoing improvements in technology (Conzade et al., 2022).
Consequently, the future of the car is becoming increasingly electric all over the world. The
world's major automotive markets are expected to sell only electric vehicles by 2035, and 80%
of global vehicle sales will be electric by 2050 (Conzade et al., 2022). Pushing for more
sustainable mobility means promoting the use of electric vehicles, which include battery electric
vehicles (BEVs), plug-in hybrid electric vehicles (PHEVs) and fuel cell electric vehicles
(FCEVs). To promote the use of FCEVs, which offer many advantages over others, it is crucial
to build the necessary facilities to meet this need in the near future, including GHRS powered
by renewable energy production systems (Gokeek & Kale, 2018a). Hydrogen refuelling stations
(HRS) are a key infrastructure for the successful deployment of hydrogen-powered mobility

(Caponi et al., 2021a).

Guinea is a country rich in renewable energy resources that could show interest in

adopting hydrogen as a clean fuel for its transportation sector. The country's abundant



renewable resources, such as solar and wind energy can be harnessed by establishing GHRS.
However, the economics of green hydrogen are challenging, mainly because the underlying
costs and availability of renewable energy sources vary considerably (PwC, n.d.). The high cost
of producing green hydrogen today is a limiting factor to the development of hydrogen-based
renewable energy initiatives, and therefore an obstacle to the large-scale deployment of HFCVs.
The development of efficient GHRS is highly desirable to reduce the cost of producing green
hydrogen and therefore the life cycle cost of HFCVs (Xu et al., 2022). This study aims to
contribute to Guinea's efforts to adopt cleaner transportation solutions and mitigate the impacts

of climate change by providing valuable insights into the design and implementation of GHRS.

1.3. Research questions

This master's thesis aims to address the following key questions:

1.3.1. Central question

Considering technical, economic and environmental factors, what is the optimal
solution for producing green hydrogen for refuelling stations to support the deployment of

hydrogen vehicles in Guinea?

1.3.2. Sub-questions

(1) What are the optimal sizing strategies for GHRS in Guinea considering technical, economic
and environmental factors?

(2) What are the potential barriers and limitations in implementing GHRS in Guinea and how
can they be addressed?

(3) Is it technically and economically feasible to set up GHRS on the proposed site?

1.4. Research hypotheses
1.4.1. Main hypothesis

The optimal sizing of renewable-powered GHRS, taking into account factors like
renewable energy availability, hydrogen storage capacity, and hydrogen demand, can enhance
efficiency, sustainability, and economic viability, promoting hydrogen vehicle adoption in

transportation.



1.4.2. Secondary hypotheses

(1) Establishing a green hydrogen infrastructure in Guinea will lead to the development of a
sustainable energy sector.

(2) Integrating renewable energy sources like solar and wind into GHRS in Guinea will
leverage abundant and sustainable energy resources and minimize the dependency on fossil
fuels.

(3) Introducing GHRS in Guinea can greatly decrease greenhouse gas emissions in the

transportation industry.
1.5. Research objectives

1.5.1. General objective

Overall, this study aims to determine the optimal sizing of GHRS powered by renewable
energy sources for hydrogen vehicles in Guinea, providing insights into the technical,

economic, and environmental aspects of such refuelling stations.

1.5.2. Specific objectives

(1) Thoroughly examine the literature on the design of HRS, optimization techniques, and
hydrogen vehicle technology. This will provide an understanding of the field's current state
and help identify areas that need to be explored further.

(2) Gather relevant data on the potential of renewable energies (solar and wind) in Guinea, as
well as the technical and economic data on HRS' components.

(3) Evaluate various electrolysis technologies for green hydrogen production, taking into
account efficiency, scalability, and compatibility with renewable energy sources.

(4) Develop a mathematical model or an optimization algorithm to determine the optimal
sizing of the GHRS components (electrolyser capacity, storage capacity, compressor
capacity, PV modules and wind turbine capacity).

(5) Conduct an economic analysis that takes into account capital costs, operational costs,
maintenance expenses, and potential revenue from electricity sales, and compare the
economic feasibility of different sizing scenarios.

(6) Compare the economic feasibility of different sizing scenarios and assess the potential for
cost reductions over the lifetime of the HRS.

(7) Analyse the optimal sizing methods and provide recommendations for the design of a

GHRS tailored to Guinea's specific needs



(8)

)

Apply the developed sizing method to Guinea's specific context, taking into account the
country's renewable energy potential, transport patterns and hydrogen demand forecasts.
Highlight the study's contributions to the field of green hydrogen technology, the

integration of renewable energies and sustainable transport by summarising the findings.

1.6. Outline of the document

(1)

2)

€)

(4)

()

This document is set out in five main parts which are organised as follows:

The introduction part provides the overall context and justification for the study, along with
background details on the issue being addressed, the research questions, hypotheses, and
objectives.

Chapter 1 highlights relevant literature that assesses the technical and economic feasibility
of hydrogen systems and hydrogen refuelling stations.

Chapter 2 provides an explanation and justification for the research methodology used by
presenting the study area, explaining the data collection methods (list your data and the
methods, tools or materials, and techniques used to collect them) and describing the data
processing and analysis (the methods, techniques and software used for data processing
and analysis).

Chapter 3 presents the results and discussions. The results section presents the main
findings of the data collection and analysis, while the discussion section explores the
meaning, significance and relevance of the results.

The last part of the document includes both the conclusion and the perspectives. The
conclusion section determines the validity of the hypothesis and recaps the findings for the
research questions, while the perspectives section outlines how the study will be enhanced

or expanded in the future.



2. Chapter 1: Literature review

2.1. Introduction

As governments and corporations increasingly commit to tackling CC and reducing
emissions, they are placing greater emphasis on the in-depth decarbonization of hard-to-abate
energy-intensive sectors such as transport (De Blasio, 2021). The transport of goods and people
is one of the main causes of the increase in global GHGs emissions since preindustrial times.
This substantial contribution to GHGs emissions has made the transport sector an increasingly
important area of study and concern. Various studies have been carried out to demonstrate how
GHRS powered by renewable energies are crucial in the transition towards sustainable, low-
carbon transport, and how their optimal sizing can facilitate the expansion of the network of
such infrastructures worldwide. This review of the literature surveys previous research on the
importance of HRS for sustainable transportation and on the importance of optimal sizing of
renewable-powered GHRS. It provides a comprehensive understanding of the current state of

the field and identifies areas for future research.

2.2. Alternatives to fossil fuels in transport

Among the many alternative fuels available today, hydrogen can be seen as an
interesting solution for replacing current carbon-based fuels. The net-zero ambition can be
achieved by decarbonising transport modes using green hydrogen-fuelled alternatives,
hydrogen generated through electrolysis using renewable energy sources such as solar and wind
power (ARUP, n.d.). Hydrogen is the lightest of all gases and a versatile, clean, and flexible
energy carrier that can be produced from diverse domestic resources and used in many
applications. Hydrogen fuel has the highest energy content by weight of any known
conventional fuel. Its energy content per mass is almost three times that of gasoline (U.S.
Department of Energy, 2019). Depending on the energy source and production method used to
produce hydrogen, there are various types of hydrogen distinguished by colour. The main types
of hydrogen under consideration are grey hydrogen, blue hydrogen, and green hydrogen

(Pascal, 2022):

* Grey hydrogen: The most commonly used type of hydrogen is grey hydrogen, which is

produced through a process known as "steam reforming" using natural gas or methane.



* Blue hydrogen: When the carbon produced by steam reforming is captured and stored
underground using industrial carbon capture and storage (CCS), the hydrogen is designated
as blue.

= Green hydrogen: Green hydrogen, also known as clean hydrogen, is generated by using
renewable energy sources like solar or wind power. Through a process called electrolysis,
water is split into two hydrogen atoms and one oxygen atom.

» In the energy industry, other colours such as black, brown, red, pink, yellow, turquoise and

white are used for molecular hydrogen.

Hydrogen is increasingly being discussed as a promising fuel that could reduce the
amount of fossil fuels consumed in various sectors such as transportation and heavy industry,
and help to reach the net-zero emissions targets by 2050 (Ewing et al., 2020). As it can reduce
carbon dioxide emissions, reduce dependence on fossil fuels and improve the economics of the
energy sector, green hydrogen is required for environmentally friendly transport and many other
industrial applications (Barhoumi et al., 2022). Hydrogen and FCEVs are frequently mentioned
as key components in the decarbonization of transport systems (Ajanovic & Haas, 2021).
FCEVs are essentially pure electric vehicles in which chemical energy is stored as compressed
hydrogen, typically in 35 or 70 MPa high-pressure tanks (Micena et al., 2020). Hydrogen stores
energy, flows into a fuel cell, reacts with oxygen from the air, and creates electricity that powers
the electric motor. The development of electric vehicles, including FCEVs, offers a viable
solution for reducing emissions from passenger vehicles as the world moves towards lower-
carbon sources of electricity (Ritchie, 2020). In its Global Hydrogen Review 2021, the IEA
reported that by the end of June 2021, there were more than 40,000 FCEVs in circulation
worldwide. The global deployment of FCEVs has been largely concentrated on passenger light-
duty vehicles (PLDVs), accounting for 74% of FCEVs registered in 2020 (IEA, 2021b). The
main advantages of this type of vehicle are that they offer greater autonomy and less dependence
on the battery, and that, unlike traditional electric vehicles, their refuelling times are similar to
those of internal combustion vehicles (Apostolou & Xydis, 2019). But, transitioning to
hydrogen-powered mobility requires the development of an infrastructure capable of meeting
the demand for hydrogen (Di Micco et al., 2022). Hydrogen refuelling stations are
infrastructures dedicated to this purpose. Hydrogen refuelling stations are crucial in the
transition to a hydrogen-based economy due to their ability to increase the market penetration
of hydrogen vehicles (Apostolou & Xydis, 2019). Although FCEVs have been on the market

for a decade, registrations are still more than two orders of magnitude lower than those of



PHEVs. This is partly because HRS are not widely available and unlike plug-in electric
vehicles, FCEVs cannot be recharged at home (IEA, 2021a). Without an extensive network of
hydrogen refuelling infrastructures, hydrogen vehicles are strongly limited in terms of operation
and their commercial deployment will be very limited (Caponi et al., 2021b). According to The
Global Electric Vehicles Outlook of the IEA (IEA, 2022), there were about 730 HRS worldwide
supplying fuel for about 51 600 FCEVs in 2021, representing an increase of almost 50% in the
global FCEVs stock and a 35% increase in the number of HRS from 2020. And over 80% of
FCEVs on the road at the end of 2021 were light-duty vehicles (LDVs), with the majority being

passenger cars. Buses and trucks each account for almost 10% of the global FCEV fleet.

2.3. Renewable-powered GHRS

HRS is a facility that dispenses hydrogen at a pressure of 350 and 700 bar (H35 and
H70) to supply FCEVs (HYDEVA, n.d.). There are basically two types of HRS based on the
hydrogen supply method (Micena et al., 2020):

» Off-site HRS: In the off-site type of HRS, hydrogen is produced in an off-site industrial
facility outside the site of the hydrogen station, from which it is transported to the hydrogen
station via pipeline, highway, railroad or ship. Hydrogen is received at low pressure and it
must be compressed and cooled before it can be transferred to the vehicle tank.

= On-site HRS: In the on-site type of HRS, hydrogen is produced locally from energy sources
available at the plant site, whether renewable or not, such as solar, wind, biomass or fossil

fuels.

This study will focus on the on-site HRS that produces hydrogen from the electrolysis
of water using renewable energy sources. The electrolysis of water using renewable energy, also
known as green hydrogen, is an attractive approach for producing hydrogen with low carbon
emissions (Hussain et al., 2022). On-site HRS are best suited for remote areas with low demand,
while off-site HRS are more suitable for urban areas with high demand (Stars & Qin, 2014).
The on-site HRS are an interesting solution for assuring green hydrogen with zero CO
emissions. The advantages of this solution are (D1 Micco et al., 2022): 1) increasing of the share
of electricity generated from renewable sources, ii) assisting the integration of fluctuating and
non-predictable renewable energies (solar and wind) into the electricity grid, iii) the provision
of grid balancing services, iv) and producing green hydrogen that can ensure sustainable
transportation. A regular on-site HRS consists of renewable energy sources, electrolysers,

hydrogen gas compressors, hydrogen storage tanks and a hydrogen dispenser, which can
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dispense hydrogen at 350 bar, 700 bar, or dual pressures, depending on the type of vehicle being
refuelled (Micena et al., 2020).

The increasing interest in hydrogen-powered vehicles as an alternative to traditional
fossil fuel-based transportation highlights the importance of the availability and accessibility of
hydrogen refuelling infrastructure for their widespread adoption. The study conducted by
Apostolou & Xydis, 2019 presented a comprehensive evaluation of current HRS technologies,
including station components and categories, to showcase the promising potential of the
emerging hydrogen road transport market. It was concluded that HRS and FCEVs have a
symbiotic relationship, meaning that investing in HRS will yield significant returns only if there
are more FCEVs, but suboptimal development of the hydrogen infrastructure will impede the
growth of this market. Overall, to benefit from the advantages of those FCEVs, safe and reliable
HRS are needed. HRS are crucial in the transition to a hydrogen-based economy due to their

ability to increase the market penetration of hydrogen vehicles (Apostolou & Xydis, 2019).

2.4. Optimal sizing of HRS

The optimal sizing of renewables-powered GHRS 1is crucial for the successful
integration and growth of hydrogen vehicles in the transport sector. Various research studies
have been conducted regarding the optimal sizing of renewables-powered GHRS to ensure their
efficiency and cost-effectiveness, scalability and future growth, environmental benefits,
economic viability, integration of renewables and reliability of hydrogen supply. For instance,
Ayodele et al., 2021 conducted a techno-economic evaluation of a wind-powered HRS in seven
cities in South Africa, intending to determine the optimal configuration of an HRS powered by
wind energy resources for each of the cities, as well as to determine their economic viability
and carbon reduction capacity. The results showed that a wind-powered HRS is viable in South
Africa with the cost of hydrogen production ranging from 6.34 $/kg to 8.97 $/kg. Similarly,
Hussain et al., 2022 proposed a model for the optimal sizing of the key components of a
renewable hydrogen production and fuelling station. Simulation results provided using the
available cost parameters in the context of the Canadian market show that a GHRS powered
only by wind and solar power could produce hydrogen at less than 6.8 $/kg when financing
costs are taken into account, or up less than 5 $/kg if financing costs are neglected. Furthermore,
to determine the optimum solutions for the production of green hydrogen, Barhoumi, Okonkwo,
Ben Belgacem, et al., 2022 carried out the optimal sizing of GHRS based on photovoltaic

systems in Oman. The economic analysis showed that for the site under consideration, the HRS



powered by the grid-connected photovoltaic system represents a promising green hydrogen
production method, and allows to generate 58,615 kg of green hydrogen per year at a levelized

cost of 5.5 $/kg and a total net present cost of 4,169,200 $.

Gokeek & Kale, 2018b analysed the cost of producing hydrogen using local energy
resources in an HRS in Turkey. They employed a hybrid wind PV power system and found it
to be economically viable. The levelized cost of hydrogen production varied between 7.526 and
7.866 $/kg depending on the system configuration. Another study by Goke¢ek & Kale, 2018a
conducted a comprehensive techno-economic analysis to determine the viability of an HRS
running on hybrid renewable energy systems. The study calculated the levelized cost of
hydrogen under varying parameters such as wind speed, hub height, solar irradiance, project
lifetime, and additional components. The research findings indicated the feasibility of the HRS

powered by hybrid renewable energy production systems for the selected location.

For on-site HRS that purchase power from the electricity market to produce hydrogen,
the operational costs of the facility are highly dependent on electricity prices. For instance,
Dadkhah et al., 2021 assessed the feasibility of such an HRS and revealed that operational costs
are extremely dependent on electricity price and grid costs, directly associated with the
electrolyser's size. Therefore, optimizing component sizing and considering exemptions from

taxes or other grid-related costs are essential for achieving economic viability.

When setting up an HRS, both techno-economic analysis and optimal sizing of the sub-
components are crucial. Kavadias et al., 2022 investigated the effect of the number of vehicles
that the facility can refuel to balance initial investment cost and fuel cost in remote areas. They
conducted equipment sizing and financial analysis of a GHRS powered by surplus electrical
energy from a wind farm. The results highlighted the viability of appropriately sized wind-
powered HRS and the potential for hydrogen to store rejected wind energy. Additionally,
scenarios with low hydrogen vehicle penetrations exhibited lower economic performance due
to significant increases in payback periods. In the same way, Micena et al., 2020 proposed a
comprehensive methodology for sizing the components of an on-site HRS powered by a
photovoltaic plant. This methodology included calculating hydrogen vehicle demand, main
component parameters, refuelling station energy consumption, and solar photovoltaic plant
power. The conclusion drawn was that hydrogen production costs are inversely proportional to

the production capacity of an HRS; costs increased notably for stations with lower demand.
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To summarize, the literature reviews presented a comprehensive exploration of the
optimal sizing of GHRS powered by renewable energy. This would help promote the adoption
and growth of hydrogen vehicles in the transportation industry. The studies highlighted the
crucial need to ensure efficiency, affordability, scalability, environmental advantages, economic

feasibility, renewable integration, and hydrogen supply reliability.

2.5. Gaps and contributions

The purpose of a literature review is not only to understand what has already been
accomplished in previous research but also to pinpoint any gaps that require further exploration
in new studies. This section aims to state the gaps in the literature regarding the topic being
studied. The literature reviewed for this study revealed a few gaps that we intend to fill in this

study:

(1) Existing studies often neglect the optimization of the overall system by only focusing on
one aspect, such as renewable energy sizing or station design. This study aims to develop
a comprehensive optimization model that considers various parameters, such as renewable
energy source availability, hydrogen demand, storage technologies, and station
components. This model could provide insights into the optimal sizing of each component
for cost-effective and efficient operation.

(2) Numerous optimization studies rely on specific problem classes, such as linear
programming or mixed-integer linear programming. Energy system models may also
impose restrictions to stay within these classes. However, this method does not provide
enough detail for technical system design and operation. In this study, the flexible open-
source framework COMANDO, which does not impose restrictions to maintain the
optimization problems in a particular class is used. COMANDO combines desirable
functions of existing tools and offers levels of abstraction suitable for structured model
generation and flexible problem formulation (Langiu et al., 2021).

(3) After reviewing the literature, it appears that there is a lack of research regarding the
optimal sizing of green hydrogen refuelling stations for an African case study. The green
hydrogen refuelling station is a new technology in Guinea. The purpose of this study is to
assess the practicality of this technology for the country and the continent of Africa as a

whole.
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3. Chapter 2: Methodology

The refuelling station produces green hydrogen through water electrolysis powered by
renewable energy sources like solar or wind. As stated earlier, this study aims to determine the
most efficient and effective configuration for hydrogen refuelling stations (HRS) that produce
green hydrogen using solar and wind energy. In this chapter, we first introduce the study area
and give an overview of the system itself (HRS). Next, we outline the analysis approach,
identify the possible location of the HRS and explain the methods used to collect the data
required for the study. Finally, we explain the techniques and software used to process and

analyse the data and acknowledge the limitations of the research methodology.

3.1. Study area

The study area is located in Baté-Nafadji, a sub-prefecture in the Kankan Prefecture in
the Kankan Region of eastern Guinea, between 10.721002° latitude north and 9.362760°
longitude west (Encyclopaedia Britannica). The time zone is UTC+00, Africa/Conakry [GMT],
with a terrain elevation of 368 m (Global Solar Atlas). In this part of the study, we explore
Guinea's geography, economic context, energy, industry and transport sectors, highlighting the

Baté-Nafad;ji sub-prefecture as a case study location.

3.1.1. Geographical context

Located in West Africa, the Republic of Guinea, literally called Guinea-Conakry,
achieved national independence in 1958 and is a coastal country with around 300 km of Atlantic
coastline. It covers an area of 245,857 km?” and has an estimated population of 13.53 million in
2022 (World Bank). The country extends over 800 km from east to west and 550 km from north
to south. It is bordered to the north by Senegal, to the northeast by Mali, to the northwest by
Guinea-Bissau, to the southeast by Cote d'Ivoire, and to the south by Sierra Leone and Liberia.
Guinea is made up of four geographical regions, to which correspond four types of topography,

climate, fauna, flora, and distinct historical and cultural traditions:

(1) The coastal maritime region or Lower Guinea, of which the capital Conakry is a part, is
filled with mangroves and alluvial plains where palm trees grow. Rainfall is abundant and
Conakry is one of the wettest cities in the world. This region is the windiest area of the

country because of its proximity to the ocean.

12



(2) The Futa Jallon or Middle Guinea. The Niger, Senegal and Gambia rivers originate in Futa
Jallon. Many other rivers and waterfalls flow through the region's rocky escarpments and
narrow valleys.

(3) To the east of Futa Jallon lies Upper Guinea, of which the city of Kankan is a part, a
savannah region with plains and river valleys. Kankan is sometimes regarded as the
country's second-largest city. This region is the sunniest part of the country because of its
proximity to the Saharan region.

(4) The southernmost region is the forest region or Forest Guinea. Rainfall is heavy and the

region is covered with rainforests of mahogany, teak and ebony.

There are significant hydrographic resources and rich mining potential in the country
(75% of global reserves), gold, diamonds, high-quality iron (Simandou blocks), manganese,
zinc, cobalt, nickel, and uranium reserves (Guinée Politique, 2021). NGOs that focus on water
have conducted studies that show Guinea has abundant water resources, including rainwater,
surface water, and groundwater. There are approximately 226 billion m> of renewable water
resources available in 23 river basins, 14 of which are shared with neighbouring countries in
the West African sub-region. Groundwater is estimated at around 13 billion m* (Médiaterre,

2013).

3.1.2. Economic context

Torn between economic development and environmental preservation, Guinea's
national economy is mainly driven by the agricultural sector (which employs 80% of the
population) and mining (bauxite, diamonds, gold, iron) (Guinée Politique, 2021). Despite its
natural resources and abundant rainfall, the country remains one of the poorest in the world,
with a very fragile economy dependent on bauxite and agriculture. Guinea has one-third to one-
half of the world's known reserves of bauxite (the main aluminium ore), as well as significant
reserves of high-grade iron ore at Mount Nimba and the Simandou Mountains (O’Toole, 2023).
The Guinean GDP is driven by the production in the mining sector (26%, including the
conversion of bauxite into alumina) and agriculture (20%), with the former providing 95% of
export earnings and the latter the rest (WTO, 2011). The real GDP grew by around 4.8% in
2022, compared with 4.4% in 2021 (AEO, 2023).

3.1.3. Energy and industry sectors

Guinea's energy sector has enormous potential but has been underperforming for

decades due to a lack of investment. The country has diverse energy resources including an

13



estimated 6000 MW of exploitable hydroelectric potential, a solar potential with a mean annual
insolation of 4.8 kWh/m?/day, and wind potential with average annual wind speeds between 2
and 4m/s (Ministére de I’Energie et de I’Hydraulique, 2012). Being the source of three of West
Africa's main rivers (the Niger, Senegal and the Gambia), Guinea is often referred to as West
Africa's water tower, due to its average annual rainfall of 2958 mm (Hammami, 2021). The
country is therefore blessed with significant renewable energy resources which, through
appropriate project developments, can position the country as a regional electricity producer. In
order to promote green development, reduce the country's dependence on imported fuels and
utilize Guinea's abundant water resources, the Guinean government has announced a long-term
energy strategy with a focus on renewable energy sources such as solar and hydroelectric power.
The Kaleta Dam, commissioned in 2015, is the first stage of this strategy. The 450 MW Souapiti
Dam has effectively doubled the amount of electricity available (ITA, 2022). Distribution and
transmission remain a challenge, but if solved, Guinea could be able to export electricity to

neighbouring countries, which is the government's plan.

Apart from the mining sector, the main industries in Guinea are the food industries, the

textile industries, the wood industry, the manufacture of alumina and the cement works.

3.1.4. The institutional framework of the energy sector

The organizational chart for managing the energy sector and specifically the electricity

sub-sector in Guinea is illustrated in Figure 3.1 (SIE, 2023):
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Figure 3.1: Organization chart of the Guinean Ministry of Energy
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(1) The Ministry of Energy: Is responsible for the formulation and implementation of energy
sector development policies and strategies. It exercises its powers through the following
structures (National or General Directorates):

(2) The National Directorate of Energy (DNE):

* Development and implementation of energy strategies, policies and programs including

renewable energies;

= Development and control of the application of energy regulations;

= Promotion of national energy potential (Hydropower and others).

(3) Electricité de Guinée (EDG): It is responsible for the public service for the production,
transmission and distribution of electrical energy.

(4) Guinean Agency for Rural Electrification (AGER):

= Jts mission is the implementation of rural electrification policy and the popularization of

projects in rural areas.

* AGER is the continuation of the Decentralized Rural Electrification Project (PERD) which

began in 2006 and ended in 2011 under the financing of the World Bank.

(5) Strategy and Development Office (BSD): Responsible for developing the development

strategy for all sectors of the department.

3.1.5. Transport sector

Guinea’s transportation system is largely based on roads and domestic air service. Roads
connect Guinea to regional centres as well as to Senegal and Mali. An international airport in
Conakry serves jets of all sizes. The Conakry-Kankan railway is now practically out of service
and there is no passenger rail service in the country. Two industrial railways serve the bauxite
mining areas, including a line connecting Conakry to the bauxite mines at Fria. The Boké
Railway connects Kamsar with Sangaredi. The port facilities of Conakry are extensive. There
is a quay with a depth of 25 to 65 feet (8 to 20 meters) and a berth with modern loading
equipment. The bauxite mining company Sangaredi has its own ore export port in Kamsar

(O’Toole, 2023).

3.1.6. Why Baté-Nafadji sub-prefecture as study location?

The Baté-Nafadji sub-prefecture is located on the N6 national road that links Kankan
town and Siguiri town in Guinea (Figure 3.2). Kankan is the second-largest city in Guinea and
serves as the commercial and transport hub of the savannah region in the northeast. Based on

2014 data, the region has a population of 1,972,537 and covers an area of 72,145 km? (Balde,
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2018). Kankan region shares borders with the countries of Mali and Coéte d'Ivoire, as well as

with the N'Zérékoré and Faranah regions in the country.
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Figure 3.2: Bate-Nafadji sub-prefecture on the map of Kankan region in Guinea

Kankan is the endpoint of a 661-kilometre railway from Conakry. It serves as a central
hub for routes from Bamako (Mali), Siguiri, Kouroussa, and N'Zérékoré. The Kankan region
consists of 57 towns, with Kankan, Siguiri, and Kouroussa being the largest. The area's climate
is primarily savannah with dry winters, and it has various light industries, including
manufacturing and traditional crafts like gold, ivory, and wood (Encyclopaedia Britannica). The
Kankan region receives the highest amount of sunlight annually with 2700 hours, leading to an
average irradiation of 4.8 kWh/m?/day for solar energy (SYLLA, 2022). As for the wind power
potential, the mean power density for the 10% windiest area in the region is 133 W/m? and the
mean power density at a height of 100 m is 4.88 m/s (Global Wind Atlas). Therefore, the sub-
prefecture of Baté-Nafadji was purposely selected, as it is well suited to achieving the research

objectives and addressing the problems that motivate this study.

3.2. System description
3.2.1. System presentation

The goal of green hydrogen refuelling stations is to support sustainable transportation
and reduce carbon emissions. Green hydrogen is produced by using renewable energy from
solar and wind power in the electrolysis process. This makes it an eco-friendly option compared

to traditional hydrogen production methods that rely on fossil fuels. The hydrogen refuelling
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station system consists mainly of PV modules, wind turbines, battery storage, DC-AC
converters, electrolysers, hydrogen gas compressors, hydrogen storage tanks, and a hydrogen
dispensing system, as shown in Figure 3.3. This hydrogen refuelling station is designed to
dispense hydrogen as a compressed gas at pressures of 700 bars (70 MPa) for light-duty fuel
cell electric vehicles (passenger vehicles). The performance specifications of the hydrogen
refuelling station in this study were assumed using the functional description of the station
modules by (H2 Mobility, 2010). The size is assumed to be medium, with a number of refuelling
positions (dispensers) of 2, and an average hydrogen throughput of 336 kg per day.
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Figure 3.3: Overview of different components of the HRS system

3.2.2. System configurations

When sizing green hydrogen refuelling stations, it's crucial to determine the optimal
combination of renewable energy sources, hydrogen production capacity, hydrogen storage
capacity, and refuelling infrastructure. This ensures meeting the demand for hydrogen vehicles
while reducing costs and negative environmental impact. In this study, three different hybrid
renewable power generation systems (renewable power generation technology integrated with
other power generation systems) proposed as technical solutions to produce hydrogen for

refuelling stations are investigated:
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(1) The first configuration is the hybrid PV-wind and battery system. In this case, the power
generation system consists of photovoltaic modules, wind turbines and electric battery
storage. There is no connection to the utility grid in this system. Instead, excess electricity
is stored in a battery. This battery can be used to power the load when renewable energy
sources don't generate enough electricity.
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Figure 3.4: Hybrid PV-wind and battery system

(2) The second alternative solution is the grid-connected PV system. The photovoltaic modules
in this system are connected to an external power grid. It is therefore possible to purchase
electricity from the grid when photovoltaic production is insufficient. Surplus electricity
generated by the photovoltaic modules can be sold back to the grid when it is not needed

for loads.
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Figure 3.5: Grid-connected PV system
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(3) The third and last alternative solution is the stand-alone PV and battery system. The power
generation system in this case consists only of photovoltaic modules and electric battery
storage. The system operates without an external power grid as well. As in the first
configuration, excess electricity is stored in an electric battery, which can be tapped when

the sun is not available.
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Figure 3.6: Stand-alone PV-battery system

3.3. Analysis approach

A global analytical approach was chosen to conduct this study, taking into account
various factors to ensure efficiency, cost-effectiveness and environmental sustainability. The
flowchart of the proposed methodology to analyse and compare different configurations of
hydrogen refuelling stations is shown in Figure 3.7. First, the possible location for the hydrogen
filling station was identified, taking several factors into account. This included proximity to
areas where high demand for hydrogen is expected, such as cities, industries and major
highways; availability of renewable energy sources (sun and wind); availability of water
resources (groundwater and surface water); and land availability. After selecting the location,
the required input data for the models are collected. This includes wind and solar potential,
technical and economic parameters of the components, electricity sales and purchase prices,
electricity demand from additional loads at the hydrogen filling station and hydrogen demand
for fuel cell electric vehicles. The raw data were processed to generate usable information.
Computational modelling using the open-source Python software package COMANDO has
been used to analyse the green hydrogen refuelling station systems. COMANDO facilitates

component-based modelling and optimisation for the non-linear design and operation of
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integrated energy systems (Langiu et al., 2021). The optimisation results include optimal
component sizes, infrastructure annual costs, the annual amount of hydrogen produced, and the
annual amount of electricity purchased or sold in grid-connected case. To assess the cost-
effectiveness of the hydrogen refuelling station with different system configurations, a techno-
economic analysis was carried out by calculating the net present cost (NPC) of the project and
the levelized cost of hydrogen (LCOH). This also enables a comparison of the three different
system configurations. In the end, the configuration with the lowest levelized cost of hydrogen

is selected.
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Figure 3.7: Flow chart of the analysis approach considered in this study
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3.4. Data collection

In an attempt to achieve the research objectives, the following input data were collected
and/or estimated: wind and solar potentials, technical and economic parameters of the different
components at the hydrogen refuelling station, electricity sales and purchase prices in Guinea,
electricity demand for the additional loads of the hydrogen refuelling station, and hydrogen

demand for fuel cell electric vehicles.

3.4.1. Photovoltaic and wind power potential

The web tool Renewables.ninja, developed by Imperial College London and ETH
Ziirich, has been used to estimate the amount of energy that could be generated by wind or solar
farms at the location under study. The Global Solar Altas online tool was also used to provide
an overview of the region's solar energy potential. The following information about the site has
been found: the global horizontal irradiance (GHI) is 2082.6 kWh/m?, the optimal tilt of the PV
modules should be 14/180° and the global tilted irradiation at the optimum angle (GTlopta) is
2134.6 kWh /m?. In the case of wind power, the Global Wind Atlas online tool was also used to
determine the availability of areas with high wind energy potential for on-site wind power
generation. At 100 m altitude, the mean wind speed at the site is 4.88 m/s, while the mean wind
power density, which gives a more accurate indication of the wind resource available, is 133
W/m. The average hourly photovoltaic and wind power outputs of the site are shown in Figures

3.8 and 3.9, respectively.
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Figure 3.8: Average hourly photovoltaic power output
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Figure 3.9: Average hourly wind power output

Clustering a full year of photovoltaic and wind data is crucial for optimization analysis
in renewable energy systems. The yearly PV and wind datasets consist of long-term historical
records that necessitate in-depth analysis and simulations. To address this, the lengthy historical
datasets need to be condensed and clustered while maintaining the original data characteristics.
The clusters that result can be used during the planning stage and in simulation studies.
Therefore, for this study, the full year of the hourly photovoltaic and wind data were clustered
by dividing the year into eight typical days, each consisting of 24-time steps with a duration of
1 hour per day. Each group was assigned a weight representing the number of days it included.
By including the maximum and minimum irradiation days, the resulting ten representative days
were used as operational scenarios in the design optimisation. The hourly PV and wind power
clusters, which are used in the simulation for this study, are shown in Figures 3.10 and 3.11,

respectively.

Figure 3.10: Clusters of hourly PV power output
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Figure 3.11: Clusters of hourly wind power output

3.4.2. Technical and economic data on components

The literature and some online open sources provided technical and financial
information on the components needed to optimize each HRS system configuration. As a result,
Table 3.1 lists each component's initial capital cost, annual operating and maintenance costs,
replacement expenses, lifetime, and efficiency. Source: (AdeleT, 2018), (Gok¢ek & Kale,
2018a), (Gokcek & Kale, 2018b), (Micena et al., 2020), (Stetson & Department of Energy,
2021), (NREL, 2022) and (Urs et al., 2023).

Table 3.1: Detailed technical and economic parameters of all components

Component Capital cost Yearly O&M Lifetime Replacement  Efficiency

cost [Year] cost [%]
PV modules 850 $/kwW 23 $/kW 25 - -
Wind turbines 1000 $/kwW 12 $/kW 30 - -
Converter 556.32 $/kW 1.1 $/kW 15 556.32 $/kwW 95
Electrolyser 840 kW 2.5 %(CAPEX) 15 840 $/kW 80
Lit. ion Batterie 1087.01 $/kW 2.5 %(CAPEX) 10 925.45 $/Kw 98
Compressor 2500 $/kW 50 $/kwW 25 - 70
H2 Storage tank 1448 $/kg 3 $/kg 25 - -
Dispenser & PCU 170000 $/unit 520 % 20 170000 $ -
Water borehole 19285.5 $/unit 771.36 $ 25 - -

For this study, the project is assumed to have a duration of 25 years. Therefore, all
components with a service life of 25 years or more, such as PV modules, wind turbines,
compressors, hydrogen storage tanks and the borehole system, are exempt from the replacement

costs.
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3.4.3. Estimation of additional electricity demand

In addition to the electricity required by electrolysers and compressors, other electric
loads at the hydrogen refuelling station are not considered during the optimization process but
require power. The power ratings for these additional electrical loads have been obtained from
the device specifications found on various commercial websites: (EnergySage, 2022), (Philips,
2023), (Radium.de, 2023), (PLEUGER, 2023). Table 3.2 shows the power ratings of these

additional electrical loads.

Table 3.2: Power ratings of additional electrical loads

Device Rated power [KW] Quantity
Light inside 0.009 5
Light outside 0.06 4
Fridge 0.8 1
LED canopy lamp 0.095 6
Water pump 55 1
Office laptop 0.065 3
Fan 0.179 2
Air conditioner 5.1 2
H2 dispensing system 16.3 2

The electricity demand profile for the hydrogen refuelling station's additional electric
loads was generated using Microsoft Excel 2019, after collecting their nominal power. The

profile was generated on an hourly basis (Figure 3.12).
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Figure 3.12: Hourly electricity demand from additional loads
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3.4.4. Electricity sales and purchase prices

In this study, the electricity purchase price for the hydrogen refuelling station is based
on the prepayment tariff for any three-phase calibre applied by the company "Electricité¢ de
Guinée (EDG)" to professionals, businesses and industries, specifically for fuel stations in
Guinea. The price was set at 1823 GNF/kWh (EDG, n.d.) (GNF: Guinean francs), which is
equivalent to 0.2116 $/kWh (US Dollars). Regarding the electricity sales price, the average cost
of renewable electricity in the case of ground-mounted PV from Guinea's H2ATLAS project
factsheet was taken into account. The cost is 3.9 ct€/kWh (Calow et al., 2010), which is
equivalent to 0.0043 $/kWh.

3.4.5. Estimation of hydrogen demand

As stated earlier, the purpose of this study is to assess the practicality of hydrogen
refuelling station technology in the country. To date, there are no hydrogen-powered vehicles
in Guinea. But, according to the statistics, there is a growing rate of car ownership in Guinea.
Almost 40,000 vehicles are registered each year (Emergence Guinée, 2019). Therefore, we can
assume that in the future, Guinea may utilize hydrogen-powered vehicles if they become widely
available. To define hydrogen demand for fuel cell electric vehicles, it is assumed that vehicles
arrive at the refuelling station according to a Poisson process, from 6 a.m. to 10 p.m., giving a
constant operating time of 17 hours per day. In addition, the average number of refuelling per
hour (or vehicle passages through the refuelling station) is assumed to be 3, and the quantity of
hydrogen dispensed per refuelling is assumed to be constant, equal to 5 kg. These presumptions
have been used to create the hourly hydrogen demand profile for fuel cell electric vehicles using
a Poisson distribution. Poisson distribution is a discrete probability distribution that models the
number of times an event occurs in a specified time interval (Sharma et al., 2021). It has two
parameters: the rate of occurrence (lambda) and the size of the returned array. With the help of
numpy.random.poisson() method in Python, we can get the random samples from the Poisson

distribution and return the random samples by using this method:

(1

Aeg=2
!

fls ) ==

This formula returns the probability of observing k events given the parameter A which
corresponds to the expected number of occurrences in that time slot. The syntax in given in

equation 2:
x = random.poison(lam = A, size = k) (2)
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Figure 3.13 shows the generated hourly hydrogen demand profile for fuel cell vehicles.
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Figure 3.13: Hourly hydrogen demand for FCEVs

3.5. Modelling of the HRS system

Green hydrogen is produced by electrolyzing water in renewable energy-powered
refuelling stations that use solar and wind energy. The various key components and interactions

within the system are represented by mathematical or computational models.

3.5.1. Modelling of electrolyser

Because of its high energy efficiency, electrolysis is a well-established technique for
producing hydrogen, and it can be integrated into energy production systems based on wind
and solar energy (Gokeek & Kale, 2018a). To generate electricity for electrolysis, a combination
of solar and wind power is used in a hybrid energy system. The process of electrolysis can
utilize various sources of water to generate hydrogen. Typically, industrial water such as
municipal or groundwater is the preferred source for electrolysis. In this study, it is assumed
that a borehole system will be used to carry out electrolysis with groundwater. Proton exchange
membrane (PEM) electrolyser was chosen as the hydrogen production system in this study
because of its numerous advantages over conventional alkaline water electrolysers. PEM
electrolysers can react quickly to power variations and can therefore be easily integrated into
renewable energy systems (Gokgek, 2010). Figure 3.14 shows the schematic illustration of the

PEM water electrolyser.
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Figure 3.14: Schematic illustration of PEM water electrolyser

Equations 3, 4 and 5 below show the semi-reactions at the anode and cathode and the

overall reaction:

*  Anode: H,0 - 2H* + %02 + 2e” 3)
»  (Cathode: 2H* + 2e* > H, 4)
=  Overall: H,0 - H; + %02 (5)

The hydrogen flow rate at the electrolyser outlet is defined using the PEM electrolysers'
efficiency formula in equation 6 (Zhang et al., 2012):

n= mHZOTutLHV (6)
where mm», our 1s the hydrogen output, LHV is the lower heating value of the hydrogen equal to
33,3 kWh/kg (Fragiacomo & Genovese, 2020), and E is the electrical energy supplied to the
PEM electrolyser.

3.5.2. Modelling of water borehole system

As mentioned previously, Guinea has significant water resources, including
groundwater (estimated at around 13 billion m?). In this study, it is assumed that groundwater
will be used to feed the electrolysis through a borehole system. A water borehole is the best and
most common way to obtain groundwater for a variety of purposes. In the water borehole
system, the pump is submerged at large depths in narrow holes drilled to extract water from
water tables or aquifers located deep underground. The extracted water is pumped into a water

storage tank through a supply pipe. The electrolyser will be fed from this tank.
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Figure 3.15: Diagram of the borehole system

The output power of the pumping system, given in equation 7, is the hydraulic

horsepower transmitted to the fluid by the pump (IEEE Staff & IEEE Staff, 2012).

Hydraulic Horsepower = Q X AP X 1.7 X 107> (7

where Q is the volumetric flow rate through each stage in Barrels per day and 4P the pressure-

rise across the pump in psi.

The efficiency of the entire pump system can be expressed using the following formula:

Hydraulic Horsepower

Pump System Ef ficiency = (8)

Input Power

where the Input Power refers to the overall amount of electrical power that is provided to the

system. This can be calculated using equation 9:

Input Power = Hydraulic Horsepower + Sgq p 1osses + Ciosses 9)
were, Skq, P, losses Tepresents the surface equipment power losses, and Ciosses the cable losses:
Crosses = 3I°R (10)

where [/ is the operating current per phase of the cable in Amps and R is the total conductor

resistance of the cable in Ohms.
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Motor input power can be determined from hydraulic horsepower, motor and pump

efficiencies as follows:

Hydraulic Horsepower
Ef fmotorXEf fpump

(11

Motor Power Input =

where Effmowr 1 the efficiency of the motor and Eff,unp is the efficiency of the pump. In this

study, the motor power input has been estimated in Table 2.

3.5.3. Modelling of renewable energy sources

The PV modules and wind turbines are used as part of the hybrid renewable power
generation system in order to supply electricity to the PEM electrolyser and the other electric
loads at the hydrogen refuelling station. In a grid-connected system, PV modules and/or wind
turbines are linked to an external power grid. This allows the refuelling station to have power
even when there is no sun or wind. And any excess electricity generated from renewables is fed
back into the grid. The grid-connected system also eliminates the expense of electricity storage

devices such as batteries.

Equation 12 provides the hourly power output Ps; (in kW) of the PV system given its
surface area 4py (in m2) and the total solar radiation of I7; (in kW/m?) incident on the PV surface

during an average day of the j# month (Bhandari et al., 2015):
Psj = IrjnApy (12)
where the system efficiency # is given by equation 13 (Bhandari et al., 2015):
D= Dmlpcl (13)
and 7, 1s the module efficiency which is given by equation 14 (Bhandari et al., 2015):
Dm = 0,[1 - B(Tc — T)] (14)

yr 1s the module reference efficiency, 7, is the power conditioning efficiency, Pris the power
factor, S is the array efficiency, 7 is the reference temperature, and 7. is the monthly average

cell temperature.

Equation 15 is the fundamental equation that governs the mechanical power output of a

wind turbine (Bhandari et al., 2015):

1
Prech = EpACPV3 (15)
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where p is the air density (kg/m?), 4 is the swept area of the rotor blades (m?), V is the wind
speed (m/sec) and Cp is the power coefficient of the wind turbine. The theoretical maximum

value of the power coefficient Cp is 0.593.

Equation 16 expresses the power output Pying (kW/m?) of the wind turbine generator

(Bhandari et al., 2015):

Py :__ic ) for (v < v <wg)
Pyina =\ Py, for (vg < v < vg) (16)
0, for (v<uv.orv>vg)

where Pr is the rated electrical power, vc is the cut-in wind speed, v is the rated wind speed

and vr is the cut-out wind speed.

The actual power available from the wind turbines can be calculated using equation 17

(Bhandari et al., 2015):
P = PyinaAwinal) (17)

where Awing 1s the total swept area and 7 is the efficiency of the wind turbine generator and

associated converters.

Although solar and wind energy sources are environmentally friendly and sustainable,
they have an inherent issue of being intermittent and unpredictable. Weather conditions and
time of day influence the availability of energy from these sources, making it challenging to
maintain a stable and continuous power supply. It is therefore important to use back-up batteries
to guarantee a continuous supply of electricity for hydrogen production. The lithium-ion (Li-
ion) battery was chosen as the energy storage system in this study because of the many
advantages it offers over the lead-acid battery in certain applications. Compared to lead-acid
batteries, Li-ion batteries have better discharge characteristics, resulting in a longer lifespan for

extracting usable capacity (Kebede et al., 2021).

Battery size depends on factors such as maximum depth of discharge, temperature
correction, nominal battery capacity, and battery life (Deshmukh & Deshmukh, 2008). The

required battery capacity in ampere-hours is given by equation 18:

_ Ec(Ah)Ds
Brc - (DOD)maxnt (18)
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where E.un is the load in ampere-hours, D; is the battery autonomy or storage days, DOD ax 1S

the maximum depth of discharge of the battery, and 7. is the temperature correction factor.

The amount of charge in the battery bank at time t can be calculated by equation 19

(Deshmukh & Deshmukh, 2008):

Ep(t) = Es(t— D1 —0) + (B2, (19)

where E(t) and Ep(t-1) are the amounts of charge in the battery bank at time t and #-/, ois the
hourly self-discharge rate, Ec4(?) is the total energy generated by the renewable energy source
after the loss of energy in the controller, Ez(2) is the load demand at time ¢, 7, and 7. are the

inverter efficiencies and the charging efficiency of the battery bank.

The state of charge (SOC) of the battery at a time (t) can be calculated using equation
20 (Bhandari et al., 2015):

SOC(t) = SOC(e —1) x (1 - Z ) 4 etz (3p)

where C 54 1s the nominal capacity of the battery (Ah) and 7« is the charging and discharging
efficiency of the battery.

3.5.4. Modelling of DC-AC converter

The DC-AC converter is used to convert direct current (DC) coming from PV modules
and batteries to alternating current (AC) through a process known as inversion
(HOMERHelpManual, 2016). The electricity output of the DC-AC converter is expressed using

its efficiency formula as in equation 21:
P
Deonv = P_gz (21)
where P4c is the AC output electrical power and Ppc is the DC input electrical power.

3.5.5. Modelling of hydrogen compressor

Hydrogen refuelling stations are designed to fill the storage tank of fuel cell electric
vehicles at 700 bars for light-duty vehicles or 700 bars, for all other vehicles while the output
pressure for commercial PEM electrolysers is from 14 to 50 bars (Sun & Harrison, 2021) and
(Gokeek & Kale, 2018b). Therefore, compressors that are capable of compressing hydrogen
gas from the outlet pressures of the electrolysers to these higher pressures (minimum 300 bars)

are required.
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The compressor's energy consumption can be calculated according to equation 22

(Gokeek & Kale, 2018a):

r—1

Ty [ (P2\ r
Weomp = Cy 1[(—2) —1l Mye  (22)

Ne | \Py

where C, is the specific heat of hydrogen at constant pressure (14.304 kJ/kg °K), 77 is the inlet
gas temperature of the hydrogen compressor (293 °K), 7. is the compressor efficiency, P; and
P> represent the inlet and output gas pressures of the hydrogen compressor, respectively, 7 is
the isentropic exponent of hydrogen (r = 1.4), and mpu>, . is the gas flow rate through the

hydrogen compressor in kg/s.

3.5.6. Modelling of hydrogen storage tank

Hydrogen storage tanks are required to store the hydrogen produced since this hydrogen
can be used at any time to refuel fuel cell electric vehicles. Hydrogen can be stored in three
different ways: 1) as a gas under high pressures, i1) in liquid form under cryogenic temperatures
and, iii) on the surface of or within solid and liquid materials (TWI, 2023). For this study, it is
assumed that the produced hydrogen will be stored in gaseous form at high-pressure thanks.
Compressed hydrogen storage involves storing hydrogen in a gaseous form under high
pressures (usually between 350 and 700 bar) in a robust pressure tank (EERE, 2023). Modelling
compressed hydrogen storage is crucial for the development of efficient and safe hydrogen
storage systems. Within the optimization software, the size of the storage tank is determined

based on the amount of hydrogen required to meet the refuelling needs of the station.

The following forms can be used to write the mass and energy balance equations for

hydrogen gas stored in a tank (Xiao et al., 2016, 2019):
— =My — Moy (23)
d . . :
— (mu) = My, hin — Mouthour + Q (24)

where m;, and mo. are respectively the hydrogen mass flow rates in which the hydrogen flows
into the inlet and outlet of the tank, 4;, and 4. are respectively the specific enthalpy of inflow

and outflow hydrogen, and Q is the heat inflow rate.
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3.5.7. Modelling of hydrogen dispensing system

Hydrogen dispensers transfer hydrogen from high-pressure tanks to the onboard high-
pressure hydrogen tanks of hydrogen fuel cell electric vehicles using 350- or 700-bar nozzles
(Alazemi & Andrews, 2015). During the hydrogen filling process, the Joule-Thomson
coefficient is negative, resulting in an increase in gas temperature during an isenthalpic filling
expansion. As a result, the temperature of the hydrogen also increases significantly (Farzaneh-
Gord et al., 2012). Pre-cooling is necessary to prevent temperature increases in fuel cell electric
vehicles' tanks during expansion to maintain safety (use of pre-cooling unit PCU). The
dispenser type considered in this study is B70. It complies with the SAE TIR J2601 worldwide
hydrogen fuelling protocol as it can refuel at 700 bars with hydrogen pre-cooled at - 20 °C
(Nistor et al., 2016). The proposed hydrogen dispenser system includes two main components:
the refrigeration system, which cools the hydrogen before delivery, and the dispenser nozzle,

which controls the flow of gas into the hydrogen vehicle.

The cooling power requirement of the dispenser while fuelling a vehicle can be

determined using equation 25 (Minutillo et al., 2021):
Pcool = mI-}Z,D (hstorage - hdispenser) (25)

where mm2, p is the hydrogen flow at the dispenser, and /4 is the enthalpy at the storage and
dispenser outlet. According to (Minutillo et al., 2021) calculations, the cooling power required

in this study to lower the hydrogen temperature in the dispenser is 16.3 kW.

The calculation for the electric power supplied to the refrigeration system is as follows

(Minutillo et al., 2021):

P
Prefrigerator = CC;;l (26)
where COP stands for coefficient of performance, equal to 1.0.

3.5.8. Modelling, problem formulation and optimisation using COMANDO

All the optimisation processes were carried out using the COMANDO software on a
laptop with the default settings. The laptop specifications are shown in Figure 3.16.
COMANDO is an open-source Python package for component-oriented modelling and
optimization for nonlinear design and operation of integrated energy systems, which allows to
assemble system models from component models including nonlinear, dynamic and discrete

characteristics (Langiu et al., 2021).
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Device name LENOVO
Intel(R) Core(TM) i7-10510U CPU @ 1.80GHz 2.30 GHz
Installed RAM 16.0 GB (15.8 GB usable)
D931DBE0-174A-4A02-8B0A-B670D81F666B
Product ID 00330-80139-51627-AA949

64-bit operating system, x64-based processor

No pen or touch input is available for this display

Figure 3.16: Specifications of the laptop used for optimization

The usage of COMANDO can be split into three phases: modelling, problem

formulation, and problem solution (Langiu et al., 2021):

—ﬁ Components models %—-—
Modelling |
—ﬁ System models k—"
I
v
Problem . .
formulation > Design / Operation problem —
User-defined b 4 AML interfaces:
. ——
algorithm Pyomo, GAMS ...
Solution ] }
‘ Solver interfaces: Gurobi, BARON ...
|

A 4

Optimal system design and operation

Parameters, variables, states,
constraints, expressions

used component models and their
connections, additional parameters,
variables, states, ...

time steps, scenarios, objectives,
parameter values, additional
constraints

F—v-l solver options

Figure 3.17: COMANDO operating phases

(1) Modelling process: To begin, we describe component models, which represent elementary

energy system components. A component model consists of mathematical expressions in

symbolic form, representing parameters or design or operational variables, placeholders

for values to be determined during optimization. Different component models can be

combined into a system model by specifying the connections between them.

(2) Problem formulation: By using a completed system model, various optimization

problems can be generated considering the design and/or operation of the system. In this

study, the design variables considered are the sizes of the main components of the refuelling

station (PV modules, wind turbines, converters, electrolysers, batteries, compressors and

hydrogen storage tanks). The operational variables include the output of electricity

generated by PV modules and wind turbines; input and output of electricity, along with the
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state of charge for batteries; input of electricity and output of hydrogen for electrolysers;
input and output of electricity for converters; input of electricity, input and output of
hydrogen for compressors; input and output of hydrogen for hydrogen storage tanks; and
purchase and sale of electricity for the power grid.

The optimization problem consists of two primary objective functions: the design

objective (Desg Obj) and the operational objective (Oper Obj):
Desg_Obj = Y, Fix_Costs + Y,; Inv_Costs + ),; Rep_Costs (27)
Oper_Obj = Y,;Var_Costs (28)

where Fix Costs represents the fixed costs of component i; /nv_Costs, the annualized
capital expenditures of component i; Rep Costs, the annualized replacement costs of
component i; and Var Costs refers to the variable costs, including the cost of electricity

purchased from the grid and the cost of electricity sold to the grid.

To make green hydrogen a more competitive alternative to fossil fuels, the goal of
the optimization problem is to minimize variable costs through efficient operations and the
use of cost-effective renewable energy sources. The objective function is formulated to
minimize the total cost associated with various components and operations of the station

while meeting performance requirements.

OF = Minimize(Desg_Obj, Oper_0bj) (29)
Problem solution: After the problem is formulated, it can directly be passed to an algebraic
modelling language using AML interfaces, such as Pyomo and GAMS, or directly to a
suitable solver, such as the Gurobi and BARON. The problem can also be addressed using
a user-defined algorithm, ranging from simple preprocessing routines based on the system
model and available data to advanced methods like decomposition techniques in stochastic

programming.
Techno-economic analysis

A techno-economic analysis is carried out on the basis of the net present cost (NPC) and

the levelized cost of hydrogen (LCOH), in order to comprehensively assess the feasibility,

profitability and potential environmental benefits of setting up and operating green hydrogen

refuelling stations powered by renewable energies for hydrogen-powered vehicles. The NPC

and LCOH are affected by the size of the system and the per-unit cost of the different

components (Barhoumi et al., 2022).
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3.6.1. The net present cost (NPC)

The NPC of the system represents the difference between the present value of all the
costs of installing and operating the system and the present value of all the revenues it generates

over its lifetime (Gokcek & Kale, 2018a). It is calculated as follows:

NPC — Cann,tot (30)
CRF

where Cunn, o Tepresents the total annual cost of the system, and CRF represents the capital

recovery factor. The Cumn, 0 and the CRF were calculated using equations 28 and 29,

respectively:
Cann,tot = Cann,inv + Cann,rep + CO&M - Revel (31)
_i@a+)n
CRF = o (32)

"  Cum, rep 18 the annualized replacement costs;

CTE
Cannrep = CRF X 2% (33)

where C, and ¢ are the replacement cost and related year, respectively.
* Co«nmis the operating and maintenance costs, calculated on a yearly basis;
" Reye represents the annual revenue obtained by selling electricity excess from renewables;
= jrepresents the real discount rate, equal to 11.5 % (Trading Economics, 2023);
= nrepresents the project lifetime (assumed to be 25 years);

*  Cumn, inv1s the annualized investment cost, calculated using equation 31:
Canninv = Ciny X CRF (34)
where Ci,y represents the total plant capital investment costs.

3.6.2. The levelized cost of hydrogen (LCOH)

LCOH is defined as the ratio between the total annualised costs of the system and the
annual amount of hydrogen produced (Caponi et al., 2022). By calculating the LCOH, we can
assess the economic effectiveness of different configurations of the HRS and choose the one
with the lowest cost of hydrogen production (Minutillo et al., 2021). It is calculated using the
general equation 32:

LCOH = ——anntot__ (35

2 Mann,Hy,prod

WETE Mann, H2, prod Tepresents the annual amount of hydrogen produced.
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3.7. Limitations

In this section, different factors that have impacted the scope of this study will be we
will be discussed. The main limitation of this study is the time factor. The study was carried out
