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ABSTRACT
OF THE THESIS OF

Batool Zouheir Harb for Master of Engineering
Major: Power and Energy Systems

Title: Green Hydrogen Bridge: Harnessing African Solar Resources for European
Enerqgy Transition

The objective of this thesis is to develop a design methodology using ordinal optimization
(O0) technique for hydrogen generation in Europe using a hybrid solar system located in
Africa. Reverse osmosis water desalination, water electrolysis using a polymer-
electrolyte membrane (PEM), solar panels and batteries are the subsystems used to
produce green hydrogen. The main goal is to size properly each of these system
components to achieve an average production rate of around 50 tons per day at the lowest
cost of production in dollars per kilogram of hydrogen. The cost of production will take
into account the different systems used in addition to transportation of the power through
submarine cables from Africa to Europe. This thesis examines the feasibility of
harnessing abundant solar energy resources in North Africa to export it to Europe where
it will be used to produce green hydrogen for the European market. The green hydrogen
produced using solar energy, does not emit carbon dioxide when oxidized, making it an
essential tool in the fight against global warming, and helping to reach a decarbonized
economy by replacement of fossil fuels, which is as an important step toward a more
sustainable and ecologically friendly energy future. This study intends to construct a
comprehensive and sustainable green hydrogen generation simulation model using a
multidisciplinary approach that includes solar technology, electrochemical water
electrolysis, and economic modeling. This simulation model will be used in an ordinal
optimization approach to determine the size and cost each subsystem in order to produce
the market demand of 50 tons of hydrogen per day at minimum cost. Through this OO
approach, an optimal solution has been identified, comprising a PV size of 810MW,
battery size of 1350MWh, PEM size of 86 tons per day, RO size of 56.25m%/h, SC size
of 2000mm? and hydrogen storage of 32 tons. The results underscore the viability of the
proposed approach in meeting production goals at a competitive cost of $4.43 per
kilogram of hydrogen, with the Morocco and Spain route chosen for power delivery. The
quoted cost is based on projected technologies for the year 2035 and is likely to drop
further.
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CHAPTER 1

INTRODUCTION

1.1. Motivation/Background

The importance of green hydrogen has been progressively growing in the light of
the urgent need to keep global warming to a maximum of 1.5°C, as stated in the Paris
Agreement. The Africa Green Hydrogen Alliance (AGHA), which is a coalition of several
African countries, has made green hydrogen a priority and stands out as a sustainable
energy alternative. Globally, there is increasing agreement that green hydrogen will play
a vital role in the transition to a future of sustainable energy. Its production technique
includes splitting water molecules into hydrogen and oxygen using renewable power,
which has enormous promise for meeting the world's rising energy needs. Green
hydrogen may also increase energy security by varying sources of supply while
concurrently lowering greenhouse gas emissions, an essential step in meeting the world's
net-zero emission targets. If decarbonization goals are reached, forecasts predict that the
world's demand for hydrogen would be doubled by 2050, reaching 607 million tonnes of
hydrogen equivalent. Its ability to decarbonize difficult industries and long-range
mobility applications is particularly remarkable, with the potential to reduce emissions
by up to 75 gigatonnes by 2050. The expected 60 percent decrease in production costs of
green hydrogen by 2030 is a key factor driving this need. This cost decrease is mainly
attributable to rising electrolyzer capacity and falling renewable energy costs overall.
This cost-effectiveness might position green hydrogen as a dominating, low-carbon, and
clean energy alternative, perhaps displacing gray hydrogen in a number of places by the

end of the decade. It could also strengthen regulatory support for the development of



hydrogen. Beyond its global consequences, green hydrogen offers the possibility for
African countries to increase their energy independence. This may then spark zero-carbon
industry, promoting economic expansion and generating new job possibilities. Green
hydrogen can also play a significant part in accelerating the installation of renewable
energy infrastructure across the African continent, which is essential for raising the
continent's population’s access to and affordable electricity [1].

The objective of this project is to examine the crucial role that Africa may play in
the global energy revolution by making use of its enormous solar energy potential. The
study looks at exporting solar-generated power to Europe for hydrogen production. The
main goal is to use Africa's wealth of renewable energy to produce green energy products
for the global market, eventually helping to replace fossil fuels and promote a cleaner,

more sustainable energy environment.

1.2. Literature Review

1.2.1. Green Hydrogen Production System

Van Renssen [2] examined three different ways to produce hydrogen in his study:
"grey" hydrogen derived from natural gas that produces a significant amount of CO2;
"blue™ hydrogen, which is produced by using natural gas with carbon capture and storage
(CCS); and "green™ or "renewable” hydrogen, which is produced through water
electrolysis powered by renewable energy sources. An important step toward a
sustainable energy future is being made as interest in green hydrogen increases. Hydrogen
has the ability to store excess renewable energy, decarbonize the energy-intensive

industries like steel and chemicals, and replace fossil fuels as a zero-carbon feedstock.
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Taking into account current electricity consumption and hydrogen demand,
Kakoulaki et al. [3] evaluate the replacement of grey hydrogen with green hydrogen
generation through electrolysis generated by renewable energy resources for the EU27
and UK at regional level. It would take 290 terawatt-hours (TWh) of power, or nearly
10% of the present electricity output, to electrolyze the 9.75 million metric tons of
hydrogen produced annually in the European Union. The overall present power usage as
well as the additional demand for green hydrogen can both be met by the available
technical capability for producing environmentally friendly electricity from wind, solar,
and hydro sources. These findings are crucial for developing the policies that will
implement the European Union's strategy for the energy transition, especially in light of
the role of green hydrogen and the consequences for local growth of renewable energy
capacity.

The findings of a techno-economic analysis of a system created to manufacture
green hydrogen for sale as a raw material to enterprises and research organizations are
presented Nicita et al[4]. They suggest a system with a 200 kW photovoltaic (PV) plant
and a 180 kW electrolyser situated in Messina, Italy, as a case study. According on the
analyses made and the status of technological development at the time, establishing a
small-scale PV-based hydrogen production facility would be financially feasible.

The integrated PV-wind hydrogen energy production system, which consists of a
photovoltaic array, a wind turbine, a PEM electrolyzer, a battery bank, a hydrogen storage
tank, and an automated control system for battery charging and discharging operations,
is the subject of a performance evaluation by Sopian et al[6]. Their device consistently
generated hydrogen at a rate of 130-140 ml/min under various parameters of average

worldwide solar radiation (range from 200 to 800 W/m?) and wind speed (between 2.0
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and 5.0 m/s). For every system component, mathematical models were created and
compared to the outcomes of experiments. Based on the results of this study, it can be
said that there aren't any technological challenges involved in producing hydrogen using
a hybrid PV-wind electrolyzer system. Field research shows that these hybrid systems are
workable, dependable, and low maintenance. The electrolyzer's underlying technology
appears to be developed enough for practical use, and problems with intermittent power
sources can be successfully solved by using a battery bank as a buffer before powering
the electrolyzer, improving the system's overall performance and stability.

To power a partridge raising facility only with renewable energy sources, a hybrid
system consisting of a 10 kW wind turbine and a 1 kW PV array was constructed in a
study by Akyuz et al [7]. Performance analysis was done using Matlab-Simulink
software. With a current density of 0.48 A/cm? and a temperature range of 35-75°C, the
PEM electrolyzer exhibited an energy efficiency of 64—-70%. The solar and wind energy
system’s daily average output powers between April and July were 0.218 kW and 1.265
kW, respectively, with a level of charge that ranged from 56.6% to 88.3%. The wind
electrolyzer's overall energy efficiency throughout this time span varied from 5% to 14%,
but the PV electrolyzer's efficiency showed a smaller range of 7.9% to 8.5%. The system's
impressively efficient use of extra electrical energy throughout these months resulted in
the creation of 30.4 kg of hydrogen.

The objective of the current study in [8] is to do a thorough assessment of a
hydrogen production system using renewable energy, primarily solar and wind energy.
This goal guides the examination of the energy, exergy, economic, and environmental
aspects of hybrid systems. The newly announced hybrid system comprises of a water

electrolyzer for splitting water into hydrogen and oxygen and PV panels and wind
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turbines for generating power. In addition, a tank and compressor for hydrogen gas are
employed. Using MATLAB/Simulink software, a case study of the proposed system's
deployment in Egypt was carried out in order to evaluate its performance and place Egypt
on the path toward producing green hydrogen. The outcomes demonstrated that this
system was capable of producing 1,912 kg of hydrogen annually.

Khalilnejad et al [9] worked on designing and modeling a hybrid wind-
photovoltaic system in order to produce hydrogen using water electrolysis. Performance
modeling and analysis of the system under study employ real data for Sahand, Iran's
monthly sun irradiance, wind speed, and ambient temperature. This system is examined
under three different power source scenarios: a photovoltaic array, a wind turbine, and a
combination of both. The findings indicate that the wind turbine and PV array
combination is the best option for the Sahand area. The combined system's average
hydrogen production rate is 0.0173 mol/s, which is 26.2% and 127% higher than
conditions 1 and 2, respectively. In a hybrid system, the impact of wind turbine on
production is 49.8% greater than that of the PV array. Despite the fact that PV arrays
contribute less to electricity generation than wind turbines since their peak output occurs
at midday when the wind is at its lowest, hybrid systems are more reliable than single-
source systems in producing hydrogen.

The study in [10] examines the centralized electrolysis of water to produce
hydrogen gas (H2) using photovoltaic (PV) electricity. All forms of transportation can run
on hydrogen. This study's analysis of the Hz production and distribution system is scaled
to provide enough Ha for one million FCVs. Regional underground H> storage facilities

that are intended to round out seasonal variations in Hz supply and demand complete the
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H> system. The annual H> output from each PV electrolysis plant is 216 million kg. The
annual H> demand of a million FCVs can be supported by this amount of Hz generation.

The investigation of the techno-economic potential of hydrogen generation in the
context of sub-Saharan Africa is the main objective of this study [11]. In order to show
hydrogen generation and validate the concept, a solar photovoltaic system is developed
in conjunction with a proton exchange membrane (PEM) electrolyzer. The created model,
which takes into consideration all irradiation, is simulated using MATLAB Simulink, and
the results show a considerable match to the experimental data. Results indicate a 19%
efficiency for 115 L/day of solar hydrogen generation that is about 1.09 €/m?.

Hydrogen may be produced using PEM electrolysis in combination with
renewable energy sources. PEM electrolyzers may be operated in a variable power input
mode and are less complicated than traditional alkaline electrolyzers. In applications
where hydrogen must be stored or utilized at increased pressure, PEM electrolyzers may
produce hydrogen (and optionally oxygen) at pressures up to 200 bar [13] with relatively
little additional power usage. PEM electrolyzers can create hydrogen that is up to 99.999
pure, which is suitable for use in fuel cells.

A social life cycle assessment (S-LCA) of the generation of green hydrogen by
water electrolysis using renewable electricity generated by solar photovoltaic and wind
farms in seven nations is conducted in this study [14]. The 6 MW AWE system for
hydrogen production and the renewable power generating system are the two primary
components of the green hydrogen system under research. 3.5 MW of onshore wind
turbines and a 3.5 MW solar photovoltaic (PV) farm are used to generate the necessary
power. The facility can produce 118 kg/hr of green hydrogen, or 625,400 tons/yr. The

primary feedstock for a water desalination plant is pure deionized water, which is piped
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to an electrolyzer's operating pressure (85 bar). After that, a heat exchanger heats the

pressured water to 35°C.

1.2.2. Reverse Osmosis Desalination

When installing seawater reverse osmosis (SWRO) desalination facilities, energy
consumption is a key consideration. However, the energy consumption of SWRO has
frequently been disregarded. In order to address this, gathered data was used to examine
the specific energy consumption (SEC) of SWRO plants [12]. Notably, a pattern has been
noticed in which the size of SWRO plants is growing but energy usage is dropping.
Reverse osmosis (RO) systems use the bulk of the energy in an SWRO plant, and there
is a direct correlation between the SEC of the RO systems and that of the entire plant.
This suggests that the energy consumption for pre- and post-treatment operations is

constant at roughly 2.5 kWh/m?,

1.2.3. Submarine Cables

According to Igor Todorovi [5], Greece and Egypt are now in talks about the
ambitious idea of building a 2 GW undersea interconnector beneath the Mediterranean
Sea to link their respective electrical networks. This endeavor is a part of a larger
movement that includes various initiatives aiming to bring renewable energy from Africa
to Europe. The main objective is to use North Africa's expanding green energy production
capability to supply the whole European continent. Once created, these transcontinental

connections might act as conduits for renewable energy, bringing it into Europe.
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1.3. Utilization of Hydrogen and Oxygen in Europe

Hydrogen has a wide range of possible uses in Europe. First off, it may be used
as a clean fuel in a variety of transportation-related vehicles, such as cars, buses, trucks,
and trains. These vehicles use hydrogen fuel cells to power electric motors, and the only
gas they produce is water vapor. Second, it provides an effective means of storing energy
produced by renewable energy sources such as wind and solar power, making it easier to
convert that energy back into electricity using fuel cells when demand is high or
renewable energy output is low. Thirdly, hydrogen, especially green hydrogen, can
replace fossil fuels in industrial operations including the production of ammonia,
refineries, and steel mills, thereby lowering carbon emissions considerably. It can also be
used in pure form in applications that are ready for hydrogen or combined with natural
gas to power fuel cells or hydrogen-powered boilers for heating in both commercial and
residential settings. Last but not least, hydrogen is useful in gas turbines and combined
cycle power plants for producing electricity, particularly during periods of high demand
or as a backup power source [34].

Utilizing generated oxygen has a wide range of applications in different
industries. First off, in environmental applications, oxygen generated as a byproduct of
electrolysis helps replenish oxygen in the air, which is especially advantageous in highly
polluted urban areas. Second, compressed and purified oxygen is widely used in hospitals
and clinics to provide vital respiratory support for people with respiratory problems.
Thirdly, excess oxygen can be sold to other businesses to generate income. In an industrial
setting, oxygen is necessary for operations including wastewater treatment, chemical
manufacture, and steelmaking. Furthermore, oxygen is essential for preserving ideal

aquatic life conditions and boosting purification procedures in water treatment facilities
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in aquaculture and water treatment. Finally, oxygen is a vital component of life support
systems in space exploration and may be stored for use in future missions or sold to space

organizations for use in their projects [35].

1.4. COP Conference

The Hydrogen Transition Summit, a significant component of the COP 28
conference [26], stands as a beacon of hope and innovation in the global pursuit of
sustainable energy solutions. Amidst the urgency of climate action, this summit serves as
a pivotal platform for deliberation, collaboration, and strategic planning towards a
hydrogen-powered future. Focusing on the theme of green hydrogen, it encapsulates the
aspirations and efforts of nations, industries, and stakeholders to mitigate climate change

and foster a cleaner, greener tomorrow.

1.4.1. Advancements in Green Hydrogen Technology

The summit displays the latest advancements in green hydrogen technology,
highlighting its potential to revolutionize energy systems worldwide. From production to
utilization, stakeholders present cutting-edge innovations aimed at enhancing efficiency,
scalability, and cost-effectiveness. By harnessing renewable energy sources such as wind,
solar, and hydroelectric power, green hydrogen emerges as a versatile and sustainable

alternative to fossil fuels, offering a pathway to decarburization across various sectors.

1.4.2. Policy Framework and International Cooperation

Integral to the summit's agenda is the formulation of robust policy frameworks
and mechanisms to accelerate the adoption of green hydrogen on a global scale. Through

dialogue and collaboration, policymakers, industry leaders, and civil society
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representatives strive to overcome regulatory barriers, facilitate investment, and
incentivize the transition towards hydrogen-based economies. International cooperation
and partnerships are emphasized as essential catalysts for knowledge exchange,
technology transfer, and capacity-building, fostering a conducive environment for

sustainable development and climate resilience.

1.4.3. Economic Opportunities and Social Equity

The Hydrogen Transition Summit underscores the economic opportunities
inherent in the green hydrogen sector, ranging from job creation and industrial growth to
energy security and geopolitical stability. By fostering inclusive growth models and
prioritizing social equity, stakeholders aim to ensure that the benefits of hydrogen
transition are accessible to all, particularly marginalized communities and developing
regions. Through targeted investments in infrastructure, skills development, and clean
energy deployment, the summit seeks to foster a just transition towards a more equitable
and sustainable future.

As the world grapples with the existential threat of climate change, the Hydrogen
Transition Summit at COP 28 emerges as a beacon of hope and determination. By
harnessing the transformative potential of green hydrogen, stakeholders aspire to chart a
course towards a carbon-neutral, resilient, and prosperous future for generations to come.
Through collaboration, innovation, and collective action, we stand poised to unlock the
full potential of hydrogen as a catalyst for sustainable development and climate resilience

on a global scale.
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1.5. Thesis Contribution

It is clear from the abundance of articles that the production of green hydrogen
from renewable energy resources is an important charter in the fight of global warming.
Several studies have described the modelling and testing of small facilities to demonstrate
that the technology of producing hydrogen gas through electrolysis is adequate. Other,
modelling studies have demonstrated building large facilities for green hydrogen
production is feasible at a price that is approaching that of “grey” production. However,
none of these studies has presented an optimization approach to determine the optimal
size of a plant that will produce hydrogen at a minimum cost. In this research, it describes
how to use a simulation model [36] integrating the various subsystems needed to produce
green hydrogen in order to design an overall system that minimizes the cost of production.
The subsystems included in the model are photovoltaic solar plant, photon exchange
membrane system, battery storage system, hydrogen storage and compression units,
reverse osmosis, and high voltage direct current submarine cable. The particular model
used in this thesis produces energy in Africa, while the hydrogen production is in Europe.
We will repetitively use his simulation model in an ordinal optimization (OO) framework
to search a selected design space and find the best design. The OO framework is in some
respects similar to particle swarm optimization or ant colony. However, instead of relying
on randomness and messaging, it is built around examining the search space
systematically and very quickly, using a simple model of plant operation, to determine
regions of good-enough solutions. At a second step we use an accurate simulation model

to determine which of these ‘good-enough’ solutions are best [37].
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CHAPTER 2

PROBLEM STATEMENT & FORMULATION

The effective integration of multiple subsystems, including photovoltaic (PV)
arrays, PEM water electrolysis units, reverse osmosis (RO) plants, battery storage
systems, hydrogen storage and compression units, is a challenge in the advancement of
green hydrogen production. Each of these subsystems has distinct inputs and outputs and
is essential to the synthesis of green hydrogen. It is imperative to integrate these
subsystems seamlessly in order to maximize efficiency and assess the necessary
investments and operating expenses. The system overview of the green hydrogen
production plant is shown in Figure 1. The system functions as follows: power generated
by solar panels is sent to the electrolyzer. Seawater simultaneously enters the RO system,
producing desalinated water that is then fed to the PEM. Hydrogen separation happens as
electricity and water are fed to the electrolyzer. A tank is used to store the hydrogen that
is produced. An inverter is included into the system to convert DC electricity into AC
power, which is needed to operate the essential pumps. Due to the unavailability of solar
electricity throughout the night and to guarantee that the PEM has a steady source of
power, the PEM operates on a battery storage system producing hydrogen at a lower rate
than it does during the day. These batteries are charged throughout the day by the solar
panels through a controller where the PV solar system size is designed to take into account
the full charging of the batteries.

Over a series of designs, n = 1 to N, the cost function ¢ in $/kg is minimized and

is symbolically expressed as follows:
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_ . c(n)+o(n)
o = min (SE5) M

The Annual cost of capital C (), Operating expenses O (n) and Annual Hydrogen
Production H (n) are determined for a given design size vector: [PV, PEM, RO, BT, ST,
SC] where the elements are power system, electrolyzer, reverse osmosis system, battery
system, storage system and submarine transmission cables. The optimal design is selected

from a pool of N designs to minimize the annual cost of producing hydrogen (¢).

Battery System PV Plant

Controller

DC Bus Bar |

Water Pump Reverse Osmosis

AMMM

Hydrogen Storage Hydrogen Compressor

Figure 1: System Overview: Green Hydrogen Production Plant
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CHAPTER 3

SUBSYSTEM MODELS

MATLAB provides the framework for defining the different subsystems,
describing their inputs and outputs, and smoothly integrating them for a full evaluation
of their performance in a thorough study of the problem. This model will determine the
CAPEX and OPEX required for the production of green energy in Africa and its

subsequent transportation to Europe.

3.1. PV Power System

The production of hydrogen relies on a consistent power source, particularly for
the purpose of generating green hydrogen. Given this objective, it's imperative to utilize
renewable energy sources, such as photovoltaic solar panels. The efficiency of panel
production is contingent upon the intensity of sunlight irradiance. To accurately forecast
power generation throughout the day, we employ weather data predictions. Each hour of
daylight presents varying irradiance levels, leading to fluctuations in voltage and current
output from the panels. Consequently, the actual power output may deviate from the rated
capacity of 300W. To model the operation of a PV module effectively, a function is
required. This function considers inputs such as solar radiation, module characteristics,
and ambient temperature to calculate the panel's power output and efficiency.

The PV system will be defined by first choosing the panel, which is in our case
300W panel (refer to the datasheet in Appendix 1 for more information) with following

characteristics:
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Table 1: PV panel characteristics

Nominal Power at test conditions 300W
Open Circuit Voltage Voc0 40.45V
Short Circuit Current IscO 9.91A
Number of series cell per module Ns 60
Area of one cell Ac 0.0243m?
Nominal operating cell temperature NOCT 46°C
Voltage sensitivity to temperature Bv -0.28 V/°C
Current sensitivity to temperature Bi 0A/°C

The open circuit voltage (Voc) and short circuit current (Isc) at given conditions

are as follows:

G
Voo = Voco + Vim *1og (G_0> + B, * (T, — 25) (2)

G
lse = Iseo *G_*(1+Bi*(Tc_25)) 3)
0

Where V,,,, Thermal voltage (V) , G available solar irradiance (W/m?) , G, Test irradiance

(=1000), T, cell temperature (°C).

After determining the voltage and current we are able to calculate maximum
power of panel, using following formula:

p _ Voc Isc
max mo0 % I
oc0 “scO

(4)

Under test conditions, the PV model is intended to operate at a particular nominal
power output (P,,, ) with a certain open-circuit voltage (V,.,) and short-circuit current

(Isco)- In the presence of a specific amount of solar radiation, expressed in W/m? (watts
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per square meter), the module's actual power output becomes B,,,. The total energy
captured by the PV panel is determined by integrating the hourly values of B,,,, over the
duration of a year. Where The Efficiency of the Module is as follows:

Pmax (5)

1 :G*AC*NS

The size of the plant in MW will be determined after simulating and finding the
optimal number of PV modules. The size of the PV plant will be the number of modules

multiplied by the power rating of one panel.

3.2. PEM Electrolyzer

A PEM electrolyzer is an electrochemical device that splits water into hydrogen
and oxygen gasses by electrolysis using a solid polymer membrane as shown in Figure
2. For the splitting process to occur we have to study the energy needed. The daily
hydrogen production will depend on the available solar energy. Since most of the power
generated is being supplied to PEM, the solar radiation will limit the hydrogen
production.

In order to calculate how much the PEM will need power, efficiency of PEM,
current density and voltage per cell a function is made that takes as input hydrogen
production per hour and PEM system. The PEM system will be characterized as shown

in Table 2:
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Table 2: PEM Cell Characteristics

Charge transfer coefficient of anode (O: side) A, 0.5
Charge transfer coefficient of cathode (H2 A, 0.5
side)

Anode current loq 880 A/m?

Cathode current Loc 880 A/m?

Length of membrane 0.447 m

Width of membrane 0.447 m

Thickness of membrane |4 178x10° m
Per unit active area 75 %
Average efficiency Act 173.52 MW/kg/s
Specific power of one cell 0.033 MW/m?

When discussing the PEM's energy requirements, three key factors come into
play: the ohmic voltage (V,,m,), Which accounts for electrolyzer losses; the activation
voltage (V,.:), which represents the voltage required to trigger the chemical reaction; and
the Nernst potential (E..;;), which represents the minimum voltage required to initiate the
breakdown of H2O molecules each, the following equations determine these voltages:

Jeeu * W,
Vorm = % (6)

log (]CL” + 1) log (]CL” + 1)

l l
Vact = Rrap * oa + o (7)
act T2F Aa Ac

log ((PH2 * \/P_Oz))

- ®

Ecen = Eo + (Rrap) *

Where o is conductivity of the membrane (S/m), Ry, equation constant, E is
Gibbs free energy (J/mol at 55C), Py, partial pressure of hydrogen (bars), Py, partial
pressure of oxygen (bars), and P, pressure of anode (bars).
The number of cells in series per stack required for the chemical reactions to take place

will be determined based on the terminal voltage required where it is the summation of
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the ohmic voltage, activation voltage, and Nernst potential, so the voltage per

cell(V,.;; )and electrolyzer output voltage (V,,;) formulas are as follows:

Veen = (Vohm + Vaer + Ecell) (9)

Vour = Veeu * Ns (10)
Where Ns is number of cells in series per stack.

The current (I) required to operate the cell is related to the hydrogen demand, and
so the number of stacks in parallel required will be determine by the amount of hydrogen
needed to be produced. This current is equal to double the product of hydrogen demand
rate (rhy,) in kg/s and Faraday constant (F = 96485.22 C /mol) so the formula of the
current needed for the electrolyzer to produce certain amount of hydrogen is as follows:
The output current (I,,¢) in (A), current per cell (I..;;) in A and the current density
(Jcer) in (A/m?) are calculated as follows:

_ (Hy*2xF)=*Ns

IO'LLt - mHZ * IlF (11)
I
Leenr :;\)I_upt (12)
I 1
Jeceur :Ace | (13)
ce

Where Np is number of parallel stacks, H, Hydrogen production needed in kg/s, and nx
is faraday efficiency.

The size of the PEM plant will be determined after simulating and finding the
optimal number of parallel stacks, where the number of cells in series per stack is set
constant. The power required for PEM (P,,;) in MW, and efficiency () in kWh/kg as
follows:

Pour = (Vout * Loyt ) * (1 + AuxP) (14)
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Py * 3600
n=——a

7 (15)

Where Auxp is auxiliary power MW, H, is hydrogen production needed in kg/s.

Figure 2: PEM Electrolyzer

3.3. Reverse Osmosis

The "Constant RO Water Recovery Rate" method is a modeling technique used
in reverse osmosis (RO) systems [17]. It involves keeping the RO recovery rate constant
while making slight adjustments in feed pressure and flow rates to accommodate
fluctuations in power levels. To apply this modeling strategy, it is essential to control the
water pump speeds for managing the flow rate and to manipulate the concentration valve
to regulate system pressure.

The RO system will be sized in m®h according to the maximum amount of flow
of water needed per hour. The amount of water required from the RO system depends on

how much hydrogen the electrolyzer needs to produce per hour. Due to the molecular
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weight ratio 1 kilogram of water produces 1/9 kilograms of hydrogen. The power needed
for the RO to pump certain amount of water will be calculated according to following

data in Table 3 where 1kg/s = 3.6 m%/h:

Table 3: Flow versus power at 45% recovery rate

Feed flow (m?%h) Power (kW)
33.57 83.74
36.97 89.21
40.06 94.88
42.79 100.56
45.37 106.97
47.64 113.72
49.59 121.8

Water required for generation of 50 tons of hydrogen per day: 50 tons/day =
0.5787 kg/s. The Hydrogen to water ration is 1:9: So 9x0.5787kg/s = 5.208kg/s = 18.75
m3/h. A RO system of 45% recovery of seawater is used so 18.75 m3/h + 0.45 = 41.667
m3/h. The amount of water needed to produce 50 tons of hydrogen per day: 5.208kg/s x
3600/1000 x 24 = 450 tons.

A RO membrane is essential in case seawater is. According to Paper [20], the
components found in seawater have a major impact on the efficiency of water electrolysis
by proton exchange membrane (PEM) cells, which makes this an important field of study
for sustainable hydrogen production. Seawater affects electrode activity in the cell, PEM
membrane performance, and electrolyte conductivity since it is a rich source of different
ions, gases, and contaminants. Electrolyte conductivity is normally increased by high ion
concentration, however ion partnering allows certain ions, such as sulfate and
bicarbonate, to decrease it. Additionally, divalent ions like magnesium and calcium can

precipitate on PEM membranes, reducing their overall efficiency and proton
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conductivity. Furthermore, the acceleration of electrode corrosion by chloride ions has
prompted the development of materials and protective coatings that are resistant to
corrosion.

In case there is different feed flow than that in Table 3 a function is modeled to
take as input RO system and flow perm needed, and by interpolation it outputs the power

needed to RO pump and if there is shortage in water flow due small RO.

3.4. Energy Storage System

The energy storage is needed to supply PEM with power during the night time,
where there is no sun. These batteries are charged during the day from the solar power
plant and are discharged during the night allowing continues production of hydrogen. The
size of the storage system is determined after simulating and finding the optimal parallel
battery strings, where the number of batteries in series is set constant. The Battery Cell

used has the following characterizes:

Table 4: Battery Cell Characteristics

Cell Voltage Veen 3.6V
Battery Capacity Ahcen 30 Ah
Resistance Reeu 0.008 ohms

From the cell characteristics, we can determine that of the storage system where

the battery voltage level (), and resistance are:

V = VCell * Ns (16)
Ns
R = Reey * N_p (17)

Where Ns is number of cell in series, and Np is number of stacks in parallel.
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Every hour the battery's state of charge (SOC) is monitored. This will help
determine whether the battery needs to be charged when there is enough solar energy
available and its SOC is below the maximum limit (97.5). Furthermore, the battery should
be tested to see if it can feed the hydrogen production plant when its SOC exceeds its

minimal SOC (20%). Where the state of charge at a certain time t is calculated as follows:

Q(t) _ Q(t - 1) - (Pbat + Ploss) At

max E max

SOC(t) = (18)

In this context, P,,; represents power of battery, P, represents power loss from
battery, Q(t) represents the battery's current internal energy at time t, whereas Q(t — 1)
represents the battery's internal energy at the previous time step (t — 1), SOC(t) denotes
the battery's state of charge at time t, and E,,,, reflects the battery's maximum energy
capacity.

The power delivered by the battery is P,,; = V I, so the currentis [ = Ebat

y SO

the power lost is proportional to the square of the battery power where:

Puoss = 2R = (2224)" R = pZ,, (&) (19)

In order to keep track of SOC a function is designed to take as input power of

charge or discharge and the battery storage characteristics, it returns updated SOC and
indication if the battery is able to supply the needed power. If the power left for battery
to supply is greater than zero two things need to be checked: First if the SOC of the battery
was already below or equal to the minimum SOC then the battery is empty and no power
is available. Second, if the power required from battery was actually supplied from it the
new SOC should be updated. If the updated SOC after discharge was below the minimum

SOC this means the required power is more than available in battery, so the power

required cannot be all supplied from the battery.
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If there is power for charging the battery also two things needed to be checked:
first if SOC of the battery was already greater than or equal to maximum SOC then this
means battery is full. Second, if the SOC after charging the battery with the available
power becomes greater then SOC maximum this means battery is about to be full and
there is excess power, else if SOC was below the SOC maximum after charging then this

means the battery was charged using all the available power.

3.5. Hydrogen Compression and Storage System

The Hydrogen produced from the electrolyzer is going to be stored into tanks
through pumps. The storage tanks are sized according to the number of days of production
that needs collection.

Due to the availability of hydrogen network in Europe the designed storage
system will act as buffer and temporary in case something happened and hydrogen can’t
be injected directly to the network. Compressing hydrogen requires extremely high
pressure between 200 and 950 bar [24]. Taking into account different compression

pressure of hydrogen [25] the following table shows variations:

Table 5: Hydrogen density at different densities

Pressure (bars) Density (kg/m?)
200 15.6
500 33
800 62.97

The storage pressure of hydrogen affects both the quantity of containers required
for storage and the amount of power needed for pumping. Each container is of a certain

volume. The density of the hydrogen gas will vary according to the pressure, the more
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the gas is pressurized the higher the density is, and the number of containers (N, ) needed

will be calculated as follows:

H,
N, = (20)
Ve Pg

Where the amount of hydrogen produced H,, is divided by the volume of the container
(vc) multiplied by the density of the gas ( pg).

The tanks initially will be assumed to be at a certain pressure and afterwards once
the pumping starts the pressure in the tank will increase. The more the pressure increases

the more power is required for the pump refer to Figure 3.

Pressure increases . == == 800 bars

==100 bars

. . s—i r
Compressing power increases 0 bars

Figure 3: Storage Tank

The storage tanks can’t be emptied totally and at the start of pumping there will
be around 40 bars in the tank. At each level a certain delta P exists and therefore the power
required for this differential will change. This pressure differential represents increase in
pressure inside the tank and will be translated into increase of pumping power. Power
required for this differential pressure will always change. An equation of power is
required as function of power differential. This power will be integrated over time to

know how much energy is being consumed by the pump annually.
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3.6. Submarine Cable Transmission

The solar power generated will be transferred from Africa to Europe. This
transmission is going to be done through the sea through submarine cables. Two potential
transmission routes will be investigated: the first route would pass through Tunisia and

Italy, while the second route would traverse Morocco and Spain.

3.6.1. Possible Transmission Routes

ELMED [15] is an energy bridge that will connect the two massive power systems
of North Africa and Europe, spanning from Italy to Tunisia. The power line will span
220 km, of which 200 are undersea cables, from the electrical substation in Partanna,
Sicily, to the substation in Mlaabi on the Tunisian peninsula of Capo Bon. It will be
located along the Strait of Sicily, with a maximum depth of about 800 meters and a 600

MW capacity.

Figure 4: Route one: Tunis — Italy

Spain and Morocco signed a memorandum of understanding to begin building a
third electrical interconnection for the transfer of solar energy from Africa to Europe [16].

Spain currently maintains the sole electrical connections between Europe and Africa
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through two interconnections with Morocco. The first is a 700 MW undersea link
spanning 28 km, became operational in May 1998. In the summer of 2016, a second link

was constructed, stretching 31.3 km and with a capacity of 700 MW as well.

Mediterranean

Atlantic

Figure 5: Route two: Morocco — Spain

3.6.2. Power transmission system overview
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Figure 6: Transmission Schematic
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The power generated by the solar panels undergoes a series of transformations to
optimize its transmission and utilization as shown in Figure 6. Initially, inverters are used
to convert the electricity from DC to AC. A transformer is then used to increase the
voltage in order to reduce long-path current losses. The power then travels through the
first converter, which is made of transistors and serves as a rectifier. During this phase,
the thyristor converts the AC power to DC by operating at a firing angle (al) of less than
90 degrees acting as a controlled rectifier. So instead of sending 3 cables, one cable will
be sent and hence the cost of cables will be less. The second converter serves as a
controlled inverter and is connected to the first one using submarine cables. The firing
angle (02) in this instance is greater than ninety degrees, and it is roughly equivalent to
180 - al. Following a voltage reduction to boost the current, Converter 2 produces AC
power as its output. After being converted, the electricity is next rectified and sent to the

electrolyzer.
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3.6.3. AC Network Former
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Figure 7: Network Former

In order to generate electricity within the system, a network infrastructure will be
established as shown in Figure 7. Central to this infrastructure will be a battery that serves
as a signal emitter. Other components within the network will synchronize with the
signals emitted by this battery, regulating the flow of energy accordingly. The battery
operates in a cyclical manner, discharging and recharging as needed. Its connection to the
network is facilitated by a battery charger and controller. The controller continuously
monitors the state of charge of the battery, initiating the charging process whenever

necessary. Acts as open circuit doesn’t consume it’s used for synchronization.
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3.6.4. HVDC system

Medium Voltage High Voltage
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Figure 8: High Voltage Direct Current System

These days, the most popular inverters on the market have a maximum DC voltage
of 1000V, which is also the highest voltage rating for PV modules that are sold
commercially. It is asserted, nevertheless, that the system will be more economical if the
maximum DC voltage of the inverter is raised to 1500V, which will also raise the
maximum voltage of the PV system [21]. For power transmission of huge solar system in
MW the current has to be dropped so a design for Medium voltage and high voltage will
be a must. Due to the market of the inverter the voltage that is going to be used in the
system will be 1.5kV, this voltage will have needed to be stepped up to a medium voltage
of 20kV [22].

As shown in Figure 8, the solar voltage will be set to 1.5kV by choosing the
number of PV panels in series per string. According to the panel characteristics in Table

1 the open circuit voltage is 40.45V, so the maximum number of panels in series is

1500 . .
calculated as follows o 37 panels in series.

The MVDC plant will consist of DC to DC converter that will rise the voltage

from 1.5kV to 20kV. After that a DC/AC converter is used to convert the DC power to

37



AC in order to be able to stepdown the voltage through a converter. The voltage at the
output of the inverter will be around 12kV it is calculated using following formula:
Vae = 0.612 x Vpe (21)
Where V. AC voltage at the output of the inverter and V. in input DC voltage of the
inverter.
The Medium voltage DC plant will be designed to handle 24MW, so the total
number of MVDC plants (MV,,,,,, ) will be determined based on different PV plant sizes

(PVsize) as follows:

(22)

The High voltage DC plant will be sized according to the PV plant size; it consists
of a step up transformer that will take the AC 12kV and step it up to 196kV then this
voltage will be concerted to DC through an inverter where the voltage will become 320kV
(voltage rating of the cable), then this voltage will again be inverted from DC to AC to
be able to step down the voltage through a stepdown transformer.

The submarine DC cable chosen is an ABB brand [23] with following specs shown in
Table 5:

Table 5: Submarine DC Cable 320kV ABB

Voltage Cross section ~ Ampacity Resistance Power
kv mm?2 A Ohm/km MW
320 1200 1188 0.0151 760
320 2000 1589 0.009 1017

The power losses through HVDC system is caused due to voltage drop of the cable
(Ppss ) and due to efficiency (n) of different system components, the losses are

represented by RI2 so for cable losses it can be calculated as follows:
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PVsize(MW) )2

P,,ss = Resistance()/km) x cable length(km) x (m (23)
Pyyss * 100

Percentage loss = ———— (24)
PVsize *n

The efficiency of converters and inverters ranges between 90% and 95%, while efficiency

of the transformers range between 95% and 99%.

3.6.4. Battery Connection Point

The power from the batteries will not go through HVDC system, but will be
placed in Europe as show in Figure 9 and will be directly supplied to the AC bus that is
then rectified and feed to the PEM plant.
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Figure 9: Power Interlink Connection
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CHAPTER 4

INTEGRATION OF SUBSYSTEMS

In chapter 3 the various parts and complex operations of the green hydrogen
generating system where examined. By means of a comprehensive analysis, the pivotal
function executed by every subsystem is described, including the photovoltaic (PV) plant
that harvests solar energy and the proton exchange membrane (PEM) plant that facilitates
electrolysis. The roles played by the hydrogen compression and storage system, the
energy storage system that guarantees continuous operation, the reverse osmosis plant for
purifying water, and the high-voltage submarine cable that facilitates power transmission
between the PV and PEM facilities are also covered. Building on this framework, Chapter
4 strives for thorough integration. Here, several subsystems come together to form a
coherent whole, which maximizes efficiency and minimizes costs in the green hydrogen
manufacturing process. The complexities of interconnection are broken down, examining
how one subsystem functions and affects the others in the context of producing hydrogen

using ordinal optimization method.

4.1. Ordinal Optimization technique

Finding good enough solutions is the goal of ordinal optimization; often, this
means locating the Good enough subset G (8). It is simple to specify this subset, but
difficult to achieve. In order to find workable solutions, Ordinal Optimization presents
the idea of a selected subset (8) . The good enough subset and the selected subset ought
to intersect [18].

Ordinal optimization, in practice, uses an initial model to focus the search on a

smaller selected subset, which is subsequently investigated through simulations. The
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shape of an Ordered Performance Curve (OPC) created for the particular challenge

determines the size and makeup of this chosen subset. Where the curve determines how

good and bad the schemes are.

6 is the search space that represents: different sizes of PV modules, battery strings in

parallel, PEM stacks in parallel, RO size, hydrogen storage days, tank pressure, and

submarine cable. The steps for the application of ordinal optimization for hydrogen

production are as follows:

1

2

Run all the design iterations applying penalization.

Sort the designs in ascending order according to the price of hydrogen production in
$/kg.

Plot the order performance curve and observe the curve shape.

Specify the good enough variables g of the good enough subset G (9).

Specify the required alignment level (k)

Calculate the size of the selected subset S(6) which is equal to Z(k,g) =
ef1k%2g%3 + 7, where Z; = 8.1998,Z, = 1.9164,Z; = — 2.0250 and Z, =
10.(refer to Table 6)

Evaluate the selected subsets using simple and accurate model.

The ordinal optimization theory will ensure that S(68) will contain k good enough
designs, according to the alignment probability that is equal to P[G(8) M S(8) >k].

One of the advantages of ordinal optimization, if you have a simulation program for

a hydrogen plant, you can propose different plant systems and get lowest cost of the

plants, by selecting optimal one.
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4.2. Code Flow

In the program, each subsystem is defined and the selected data arrays are set. The
selected sets are going to be analyzed over two models: simple and accurate model.
Starting with the simple model the designs are going to be simulated over four week data
each week represents a season for testing and approximate cost analysis. For each design
iteration the aim is to calculate the cost of producing hydrogen in $/kg. After running all
design iterations and calculating cost of producing hydrogen, these designs are then sorted
in increasing order of hydrogen production cost. Then the size of the good enough set (g)
is determined that is the first g designs after sorting. Then the order performance curve
(OPC) is plotted to observe the shape of the curve to see where the good designs saturate
with respect to the bad designs, to be able to determine the top S designs with respect to
alignment level chosen. The good enough designs are then simulated by using accurate
model that uses one year data for detailed model simulation and cost analysis, and from

the top S designs k design will be chosen since the alignment level worked on is k.

Table 6: Regressed values of Z1, Z», Z3, Z4in Z (k,g) [30]

Noise o0 U[-0.5,0.5]

OPC class  B-Pick Flat U-shape  Neutral Bell Steep
Z 7.8189 8.1378 8.1200 7.9000 8. 1998 7.7998
£y 0.6877 0.8974 1.0044 1.0144 1.9164 1.5099
Zy 0.9550 1.2058 1.3695 1.3995 2.0250 2.0719
£y 0.00 6.00 9.00 7.00 10.00 10.00
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Figure 10: Simulation Flow of design using OO

4.3. Design Evaluation

The different designs will be evaluated by a function that will return results of the
run accordingly. The function will take as input the following: daily hydrogen production
target, period, PV plant, PEM plant, Battery storage capacity, Reverse osmosis system,
HVDC submarine cable, Fuel cell specification, number of designs and design
combinations. The function will loop over the different designs as shown in Figure 11

and will evaluate them.
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Figure 11: Loop design structure

4.3.1. Set PV Design

For each design, the number of modules (n) is fetched during looping and
accordingly the size of PV system (PVy;,.) in MW is determined and calculated as
follows:

PVsize = Ppax * 1 (25)

4.3.2. Select PEM Size
The number of parallel sets of the electrolyzer is selected and then the size of the
PEM (PE Mg, ) in kg/s is determined as follows:

P.,;*Ns*Np=xA
PEMSize — cell . p cell (26)

Where, P,,;; specific power of one cell in MW/m? and A,,;; active area of a cell in m?.
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4.3.3. Select H, Storage Tank Size and Pressure

According to the number of days of producing hydrogen (H, 4,) the storage
system will be sized to handle the hydrogen produced during these days. The size of the
storage (H, s;,¢) for certain days of production is calculated as follows:

Hy size = PEMgize * 3600 * 24 * Hy gy * Hp capr (27)

Where H, .qpF is average capacity factor.

4.3.4. Select Battery Storage Size

The number of batteries in series are set constant to maintain constant voltage,
while the number of batteries in parallel is going to be varied and selected for each design
and the battery capacity (E,,qx ) is calculated as follows:

Emax = Ecen * Ns * Np (28)
Where Ns is number of cell in series, Np is number of stacks in parallel, and E..;; energy

of battery cell.

4.3.5. Select RO size

The different RO sizes are set in m3/h; each used in a design is selected and converted to

kg/s.

4.3.6. Set submarine cable size, medium and high voltage components

All details explained in chapter 3, section 3.7.4.

4.4. Cost Analysis

Purpose of all subsystem integrations is to be able to calculate the cost of

producing hydrogen. For each subsystem the cost of investment, cost of capital and
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operating expenses is calculated to be able to get annual cost of producing hydrogen. So
the total plant investment (invest;ytq;) IS:
investiorq = investpy + investpgy + investyy + investgr + investy, + investg.

+ investyypc (29)

To be able to calculate the capital cost the annuity factor (AF) should be calculated as

follows:

[

AF = ———
1-1+0)™

(30)

Where i interest is rate, and n is lifetime of plant. Then the capital cost (Capex)for each
subsystem will be calculated as follows:

Capex = invest * AF (31)
The operating expenses for each subsystem is calculated as follows:

Opex = invest * OM (32)
Where OM is the operation and maintenance cost per unit of investment per year.
So the annual cost of capital (capex;otq;) , and operating expenses (opex;otq:) » and total
annual cost (anncost;ytq;) i M$ are:

capexiorqr = Capexpy + capexpgy + capexpo + capexgr + capexy, + capexsc

+ capexyypc (33)

OpeXiotal = OPEXpy + OpeXppy + Opexggy + Opexgr + opexy, + opexsc + opexyypc (34)

annCOSttotal = CapeéXiptai + OpP€Xtotal (35)
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After being able to get all costs the hydrogen production cost (H2prod,,s:) in $/kg for
each design system is calculated as follows:

anncostyyg * 10°
H2prod

H2prod,.,s = (36)

Where H2prod is the annual hydrogen produced in kg.
The total energy consumed (Energy:ota;) and total cost of producing 1IMWh is
dependent on the panels and batteries so the LCOE (in $/MW ) is calculated as follows:

Energytotal = PMPenergy + ROenergy + PEMenergy (37)

LCOE = ((capexpy + opexpy)+(capexpr + opexpr))* 10° (38)
Energyiotal* timeScale

Where PMP,p.rq,, is annual pumping energy, ROcperg, IS annual reverse osmosis

energy, and PEM ¢4, is annual PEM energy.

4.5. Penalty

There will be arrays of various sizes in each subsystem. Multiplying the sizes of
each array will yield the total number of design iterations. Every design will have a cost
in $/kg and produce a certain amount of hydrogen every day in tons. Our main goal is to
minimize production costs while meeting the daily demand of 50 tons/day.

In order to do this, we penalize designs that have shortage in energy, water or
hydrogen production. Additionally, since there might not always be a market for the extra
hydrogen produced the designs with excess hydrogen production are also penalized. The
penalization is done by multiplying cost of production by a certain weight leading to the

increase in $/kg.
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4.5.1. Penalization on Energy Shortage

When the size of the PV power plant is not enough in supplying all the power
needed along with charging the batteries this means such design need to be eliminated or
to be the least favorable. In order to stay more on the green side the shortage in power
will be supplied from a fuel cell.

The size of the fuel cell is determined by identifying the maximum shortfall
experienced throughout the year. Once the size is determined, the investment costs,
including capital expenditure (capex) and operational expenditure (opex), are calculated.
The cost of integrating the fuel cell will be a penalty, which is:

FChenaity = capexgc + opexpc + MOpc (39)

The fuel cell takes hydrogen as a fuel so this hydrogen used for the fuel cell will be

deducted from total hydrogen produced. So the hydrogen used to cover power shortage
(FCyy) in (kg) is:

FCyy = EV * SHenergy (40)

Where EV is energy value of hydrogen in kg/MW and SH,y 4 is energy shortage in

MWh.

4.5.2. Penalization on Shortage or Excess in Hz Production

The project target is the production of 50 tons of hydrogen per day which around
18,250 tons per year. If a design shows production less than 95% or more than 5% of the
annual target, production such designs will be penalized where the penalty (H2penaity )

is calculated as follows:

excessyy,
Hzpenalty = m * H2prodgose * facty, (41)
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Where excessy, /shorty, 1S excess or shortage of hydrogen, and facty, is penalization

factor.

4.5.3. Penalization on shortage in H2O production

In case the RO system as not supplying enough water, this means less hydrogen
IS going to be produced which will cause shortage. So when a design holds an RO system,
which is smaller than 41.667 m3/h , then such design will be penalized since it will cause
shortage in amount of water leading to shortage in hydrogen production ( refer to section

3.3). The penalization of smaller RO system (ROpenqaity) is calculated as follows:

ROpenalty = ROsport * ROcost * AF % 5 * 107° (42)

Where RO+ Water shortage in kg/s, and RO, cost of RO plant in $/ kg/s.

So in the code if the penalty is activated the updated formula of the total annual cost
(anncostpen;,tq;) and hydrogen production cost (H2prodpen,,s;) of each design will
be as follows:

annCOStpentotal = capéXiotal + OpeXiotal + FCpenalty + Hzpenalty + ROpenalty (43)

anncostpen;yeq * 10°
H2prod

H2prodpen, ,ss = (44)

4.6. Hydrogen Production Simulation

Each design system is going to be simulated over the specified duration. The daily
hydrogen production is based on the available solar energy. To do so a function is

designed to take as input weather data for a period, PEM and PV specs (as described in
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chapter 3), and in return it will give sun set, sun rise, and suitable H> production during
day and night.

The area under the yellow curve in Figure 12, represents the total solar energy
during the day. The level of operation of the PEM will be chosen based on the availability
of the solar energy only to avoid using diesel generators. The electrolyzer will mainly use
this available solar energy, and the rest goes to the RO plant, the hydrogen storage pumps,
and battery charging. The Area under the electrolyzer power curve is around 85% of solar
radiation curve. Hydrogen will be produced at two levels: at night and during the day.
The night production will represent about 10% of the day production. The electrolyzer
curve shown in Figure 12 represents the hydrogen production during a time interval of

one day. The sum of the hourly production of hydrogen will have to be around 50 tons.

Solar

/ radiation

Electrolyzer

/ power

012345©6 7 8 91011121314151617181920212223
Hours

Figure 12: Level of Operation

The level of hydrogen production is going to be set by checking the time of the
day. If the time is before sunrise or after sun set this means that it is nighttime and the

hydrogen production will be produced according to night level set, else, the time will be
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during the daytime and the production of hydrogen will be set to the day level. After
determining the amount of hydrogen needed for production, the amount of water, the
power needed by RO for the given flow, the power required by PEM, and power required
by pumping and storage are then determined (refer to chapter 3 for details on each).

After the total available power from the PV is determined this power will be
supplied to RO plant, PEM and hydrogen pump. The power left for charging the battery
or the power needed to be supplied will be represented as:

BTyower (h) = ROpower () + PEMyoyer (R) + Hypump(h) — PVpower(R)  (45)
And according to the if the battery was in charging or discharging state the state of charge
will be updated each hour ( for more details refer to section 3.4).

The production of hydrogen is adapted to battery SOC trend. If the battery is being
charged (SOC (h)>SOC (h-1)), the more hydrogen is produced while if the battery is
being discharged (SOC (h) <SOC (h-1)), the production of hydrogen is decreased
accordingly. If there is shortage in power the Hz, production is reduced corresponding to

the shortage.
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CHAPTER 5

RESULTS

This chapter unravels the complex web of cost analysis surrounding the
production of green hydrogen through a case study. Through thorough examination and
multiple runs, lights are shed on the economic landscape, revealing the viability and

sustainability of this transformative energy process.

5.1. Cost analysis

The cost data parameters are shown in Table 7. The PV solar system cost in the
range of 0.45 — 0.6 $/W [27], the value of 0.58/W is going to be used in this case study;
this cost covers module price, inverter price, structural components, electrical
components and installation. The cost of a PEM electrolyzer is 65.6 $/ (kg/s) as per
IRENA 2021 [31]. The cost of H2 storage in $ per container is 332,000 at 250 bars [32],
the cost is assumed to increase by 10% 33,200 $ for 100 bars increase. The specific cost
of pumping is 80 $/ (kg/h) [33]. The sodium ion batteries cost between 40-80% [28], the
cost going to be considered in the simulation is 44 $/MWh. The cost of a supplying power
from fuel cell is 54 $/MWh. The cost of RO plant is 365,200 $/ (kg/s) based on data
16%/GPD. The cable cost is 687,000 $/km and transformer cost is 14,715$/kVA [29]. The

inverters cost is 0.05%/W [27].
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Table 7: Cost Data

PV system $0.5/W
PEM electrolyzer $65.6M/ (kg/s)
H. storage at 250 bars $332,000/container
Pumping $80/ (kg/h)
Sodium lon Battery $44/kWh
Fuel cell energy $54/MWh
Submarine cable $687,000 /km
Transformer $14,715/kVA
Inverters $0.05/W

5.2. Define System
The subsystems where designed and programmed using MATLAB software

where the ordinal optimization method is implemented to integrate all the subsystems
together to be able to calculate the cost of producing hydrogen and getting the optimal
solution among all design systems. To be able to dive into different design solutions each
subsystem will be represented by an array of different options and the code will iterate
through all of them combining them all together and simulating each possibility. The
arrays we are looping result in a total of 1080 designs, encompassing various parameters
such as:
Number PV modules = [2,300,000 2,400,000 2,500,000 2,600,000 2,700,000 2,800,000]
Number of PEM stacks in parallel = [70 75 80 85 90]
H> storage days = [1 2 3]
H> pressure = [500 800 pressure in bars and associated

33 62.97  density in kg/m?, and

4.46 7.14]; compression energy kwh/kg
Battery strings in parallel = [35,000 30,000 25,000]

Reverse Osmosis size = [56.25 75]

Submarine cable = [1200 2000 Cable cross section in mm?
0.558 0.687 Cable cost in M$/km
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0.0151 0.009 ] Cable resistance in ohms/km

The path for the submarine cable will be Route 2 that is between Morocco and Spain.

5.3. Ordinal Optimization Result Analysis

After running the code and getting all design iterations, the designs were sorted
in increasing order of hydrogen cost. The resulting performance curve is shown in Figure
13, where the curve shows a Bell shape, this means the good solutions fall in the

beginning, while as we go up in the curve the cost of hydrogen is high so the bad solutions

tend to fall at the end of the curve.
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Figure 13: Plot of Performance Curve overall design
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When dealing with a problem that has a vast number of possible solutions, it is
often impractical to explore every single one. Instead, we aim to find a subset of solutions
that are good enough. Let us say we want to identify the top 5% of solutions. Even within
this subset, there are still a huge number of options. To make things more manageable,
we create a representative sample. By choosing a sufficiently large number of samples N,
we can approximate the entire solution space. Therefore, instead of dealing with an
infinite number of solutions, we are now working with a finite set of N samples. If we
choose N to be 1000 which is usually good enough to represent the whole solution space,
we can check it by calculating the probability that top 5% of all designs do fall in these
1000 samples which is P = 1- (1 —0.05)1990 = 1-5.29x1072% = 1. So the

number of good enough solutions we can work with is g = N*0.05 = 1000*0.05 = 50.

5.4. Simple Model Results

The result of the first 50 good enough solutions of the simple model are shown

in Table 8:

Table 8: Good Enough Designs
Run PV Battery PEM RO H> Storage H: H>
Number size Size Size Size Storage pressure Production Cost

(MW) (MWh) (t/day) (m3/h) (tons) (Bars)  (tones/day) ($/kg)

1 840 1620 86  56.25 32 800 55.368 4.310
2 840 1620 92  56.25 35 800 55.576 4.319
3 840 1620 86 75 32 800 55.368 4.320
4 810 1620 86  56.25 32 800 53.864 4.322
5 720 1350 86  56.25 32 800 48.420 4.323
6 720 1350 86  56.25 32 500 48.704 4.325
7 750 1350 86  56.25 32 500 50.188 4.326
8 780 1350 86  56.25 32 500 51.530 4.327
9 840 1620 92 75 35 800 55.576 4.329
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720
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780
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86
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86
92
98
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92
92
86
86
86
92
86
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56.25
56.25
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56.25
56.25
75
56.25
75
75
75
56.25
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56.25
56.25
56.25
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75
56.25
75
56.25
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75
56.25
56.25
56.25
75
56.25
75
75
56.25
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56.25
56.25
75
56.25
56.25
56.25
75
56.25
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32
35
35
32
32
32
32
37
32
32
32
35
32
35
32
32
35
35
35
32
32
37
32
35
37
35
85
35
32
32
65
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500
800
800
800
800
500
800
800
500
500
500
500
500
800
800
500
800
800
500
500
800
800
800
500
800
800
500
500
500
800
800
800
500
500
500
500
500
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800
800
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55.399
54.054
48.639
53.864
46.965
52.785
48.420
55.685
48.704
50.188
51.530
51.728
55.399
47.189
52.252
54.031
54.054
48.639
53.007
52.785
49.656
55.685
46.965
50.298
48.773
49.932
51.728
54.258
54.031
52.252
55.368
47.189
53.758
48.707
53.007
53.209
51.857
50.869
49.656
51.182
50.298
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4.332
4.332
4.332
4.334
4.335
4.335
4.335
4.337
4.337
4.338
4.339
4.342
4.342
4.343
4.343
4.343
4.344
4.345
4.346
4.346
4.346
4.346
4.346
4.349
4.350
4.350
4.353
4.354
4.354
4.354
4.355
4.355
4.355
4.356
4.356
4.357
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4.357
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5.5. Accurate Model Results

The Top S design is calculated as follows:S(8) = Z(3,50) = 81998 x 31.9164
5072925 + 10 ~ 21. The 50 good enough designs where then simulated using accurate

model and the result of the top 21 of these 50 are shown in Table 9.

Table 9: Top S designs

Run PV Battery PEM RO H: Storage H: H.
Number size Size Size Size Storage pressure Production Cost

(MW) (MWh) (t/day) (m3/h) (tons) (Bars)  (tones/day) ($/kg)

15 810 1350 86  56.25 32 500 51.595 4.434
8 780 1350 86  56.25 32 500 50.141 4.446
20 780 1350 86 75 32 500 50.141 4.458
7 750 1350 86  56.25 32 500 48.636 4.464
21 780 1350 92  56.25 35 500 50.211 4.470
19 750 1350 86 75 32 500 48.636 4.476
6 720 1350 86  56.25 32 500 47.067 4.476
10 840 1620 86  56.25 32 500 53.628 4.477
2 840 1620 92  56.25 35 800 53.568 4.483
17 840 1620 98 56.25 37 800 53.848 4.486
18 720 1350 86 75 32 500 47.067 4.488
9 840 1620 92 75 35 800 53.568 4.491
12 720 1350 92  56.25 35 800 46.874 4.496
1 840 1620 86  56.25 32 800 53.060 4.499
11 810 1620 92  56.25 35 800 52.026 4.501
3 840 1620 86 75 32 800 53.060 4.508
5 720 1350 86  56.25 32 800 46.443 4.508
4 810 1620 86  56.25 32 800 51.536 4.516
16 720 1350 86 75 32 800 46.443 4.520
13 810 1620 86 75 32 800 51.536 4.527
14 690 1350 86  56.25 32 800 44.889 4.534
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Table 10: Top 3 Designs

Run Number 1 2 3

PV size (MW) 810 780 780

Battery Size (MWh) 1350 1350 1350
PEM Size (t/day) 86 86 86

RO Size(m3/h) 56.25 56.25 75

H2 Storage(tons) 32 32 32
Storage pressure(Bars) 500 500 500
PV Energy(MWh) | 1150871.23 1108246.37 1108246.37
Excess Energy(%) 4.60 4.30 4.30
Total Investment(M$) 808.63 787.12 789.02
Capex + Opex (M$) 83.51 81.38 81.59
H2 Production(tones/day) 51.60 50.14 50.14
H2 Cost($/kg) 4.43 4.45 4.46

Penalty Energy($/kg) 0 0 0
Penalty RO($/kg) 0 0 0
Penalty H2($/kg) 0 0 0

These top three designs chosen are designs that don’t include any penalty
indicating the accuracy of the work done. Each design shows the targeted hydrogen
production that is around 50 tons/day with the minimal cost reached among all the 1080

designs.

5.6. Optimal Design Analysis

The results shows that design 15 in the simple model is design 1 in the accurate
model which is the optimal design system. More details about the chosen design are stated

in Figure 15 & 16:

————— Syatem Sizes —-——-

Photo-Voltaic System (MIW)= al1o0
Battery Stocrage System (MWh)= 1350
Cable Size (mm2)= 2000
Electrolyzer System Size (tons/ day)=

Beverse 0Osmosis Capacity (m3S h)= >a
Hydrogen Storage (kg HZ @500 bars)= 32318

Figure 14: Optimal Design System Sizes
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Pericd Wame: Tunis Dec. 12, 2007 to Dec. 11, 2008

Pericd Duration (days)= 366
2nnual Scale Factor= 1.00
Night/ Day HZ Production (%)= 16.78
PEM Peak Power (MW)= 380.54
Feak Current Density (A/cm2)= 3.19
Peak Cell Voltage (V)= 2.06
Ennual PV Energy (MWh)= 1150871.23
EAnnual PEM Energy (MWh)= 1008400.51
Ennual Pumping Energy (MWh)= BE4633.08
Annual EO Energy (MWh)= g8le.61
Annual Excess Energy (MWh)= S2826.E81
Annual Energy Shortage (MWh)= 0.00
Maximum Power Shortage (MW)= -0.00
HVDC Power Loss (%)= 0.87
Coat of Shortage (ME/year)= o.00
Ennual Hydrogen Shortage (ton)= 0.00
Cost of Electricity (§/MWh)= 48.27
BV Plant Inveztment (ME)= 40%.00
FEM FPlant Investment (ME)= 63.44
RO Plant Investment (MS5)= 5.71
BT Flant Inwvestment (M:)= 59,40
HZ Storage Investment (ME)= 11.%99
5C Tranamission Investment (ME)= 63.70
HVDC Sy3tem Investment (ME) = 132.40
Plant Total Investment (ME)= BO8.63
FPlant Ennual CAPEX [M5)= £5.51
Flant Annual OFPEX (M5)= 14.00

Annual HZ2 Production {(tonz H2)= 1EE32.34

Daily HZ Production (tons H2Z)= 51.60
Capacity Factor of Plant (%)= 0.06
Cost of HZ Production (&/kgl= 4,43

Figure 15: Optimal Design Production Simulate Results

To be able to observe the hydrogen plant functionality analysis for one day is
shown and explained in details. Figure 16 shows the solar production during a day where

during sun hours there is production and during the night no production. The state of
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charge of the battery is shown in Figure 17, it can be seen that during no solar availability
the batteries have lower SOC meaning the batteries are doing its job in supplying load at
night, and during the SOC is almost full stating it being charged to be used for later on.
For the level of operation of hydrogen production explained before in section 4.6, the
design was shown in Figure 12, and the results in Figure 18 states that the purpose of the

design was implemented successfully.
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Tunis Dec. 12, 2007 to Dec. 11, 2008
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Figure 18: H2 Flow
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CHAPTER 6

CONCLUSION

In conclusion, this work has explored the development of a design methodology
utilizing ordinal optimization (OO) technique for green hydrogen generation in Europe,
facilitated by a hybrid solar system situated in North Africa. The primary aim was to
ascertain the optimal configuration of various system components to achieve an average
production rate of 50 tons per day, while simultaneously minimizing the cost of
production in dollars per kilogram. By integrating reverse osmosis water desalination,
water electrolysis employing a polymer-electrolyte membrane (PEM), solar panels,
batteries, and appropriate infrastructure for hydrogen storage and transportation of power
through submarine cables, the proposed system strives to harness the abundant solar
energy resources of North Africa for the production of green hydrogen destined for the
European market.

The complexities inherent in the integration of multiple subsystems crucial for the
advancement of green hydrogen production were explained in this thesis. Utilizing
MATLAB as the modeling framework, the thesis laid out the characteristics and
functionalities of each subsystem, enabling a detailed analysis of their performance and
cost implications. The integration of these subsystems within the MATLAB framework
facilitated the evaluation of capital expenditures (CAPEX) and operational expenditures
(OPEX) associated with green energy production in Africa and its subsequent
transportation to Europe. By employing both simple and accurate models, the thesis
comprehensively simulated different design iterations, culminating in the identification

of the optimal solution for hydrogen production.
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The thesis displayed the effectiveness of the ordinal optimization method in
coordinating the seamless integration of diverse subsystems to determine the most cost-
effective solution for hydrogen production. Through iterative analysis of various design
configurations, encompassing PV size, battery capacity, PEM size, RO capacity, and
hydrogen storage, the optimal solution was derived. Notably, the identified optimal
solution, comprising PV size of 810MW, battery size of 1350MWh, PEM size of 86 tons
per day, RO size of 56.25m?%h, and hydrogen storage of 32 tons, underscores the
feasibility of the proposed methodology in achieving the desired production targets at a
competitive cost of $4.43 per kilogram of hydrogen choosing the morocco and Spain
route for delivering the power.

The results of this thesis have important ramifications for the development of
green hydrogen generation, especially when it comes to utilizing African solar energy
resources to supply Europe's growing need. Future studies aiming at improving the
effectiveness and economics of green hydrogen production systems will build upon the
optimized design technique that is described here. Furthermore, the incorporation of
renewable energy sources with cutting-edge optimization techniques highlights the
critical role that interdisciplinary approaches play in tackling climate change concerns
and making the shift to a sustainable and environmentally friendly energy future.

In this project, the power is being produced in Africa and transported to Europe
where the hydrogen production takes place. For future work, the project can be expanded
to study the cost of producing hydrogen in Africa and shipping the hydrogen through sea

to Europe, so another subsystem can be added which is the sea shipment.
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APPENDIX
SOLAR PANEL DATASHEET

MODEL: GS-M60-300-Fab1-US

W Grape Sol e=
Clean Power. Today. -
made

High Efficiency —Monocrystalline

Overview

« High efficiency solar cells with quality silicon material for high

module conversion efficiency and long term output stability
and reliability.

« Positive power output tolerance.

« Rigorous quality control to meet the highest international
standards.

« High transmittance, low iron tempered glass with enhanced
stiffness and impact resistance.

« Unique frame design with strong mechanical strength for up to
50 Ibs/ft? wind load and snow load withstanding and easy
installation.

« Advanced encapsulation material with multilayer sheet
lamination to provide long-life and enhanced cell performance.

« Outstanding electrical performance under high temperature and
weak light environments.

Applications

= Any large or small on-grid /off-grid solar power stations.

« Commercial/industrial building roof-top and ground systems.
« Residential roof-top and ground systems.

Warranty

« 10 year limited product warranty on materials and workmanship.
« 25 year linear performance warranty.
« Refer to warranty document for detailed warranty information.

Certifications

UL1703 and CE
UL Type 2 Fire Classification

Mechanical Specifications

Characteristic Details

Cell Size 156mm x 156mm (6.14" x 6.14”)

Module Dimension (L xW x T) 1640mm x 992mm x 40mm (64.57" x 39.06” x 1.57”)
No. of Cells 6x10 =60

Weight 19.0 kg (41.9 Ibs)

Cable Length 1000mm for positive (+) and negative (-)

Type of Connector MC-4 Comparable

Junction Box IP67 Rated

No. of Holes in Frame 4 installation holes, 16 drainage holes

Rev.01+ 1501
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Electrical Specifications
(STC* =25 °C, 1000W/m? Irradiance and AM=1.5)

Max System Voltage (IEC/UL) 1000V
Maximum Power at STC 300 W (0%, +3%)
Listed PTC Power 2751 W
Voltage at Maximum Power Point Vmp 3248V
Current at Maximum Power Point Impp 924 A
Open Circuit Voltage V.. 4045V
Short Circuit Current Isc 991A
Module Efficiency (%) 18.4 %
Temperature Coefficient of Voc -0.28% /°C
Temperature Coefficient of Isc +0.04% /°C
Temperature Coefficient of Pmax -0.38% /°C
*Standard Test Conditio
L 992mm | 40mm 992mm
! Omm —p : =
0 =3
7
E E ! me
(=] 4
g s |- i
2 | B 2 4
i1 |
gl
4
0 (0] o
| I
" Side . — Back —
Other Performance Data
0%, +3% -40 °C to +85°C 15A 46+/-2°C
*Normal Operating Cell Temperature
www.GrapeSolar.com 2635 W 7" Pl

For service or support call Eugene, Oregon 97402, USA
1-541-349-9000 Tel: 541.349.9000 Fax: 541.343.9000

Grape Solar reserves the rights to modify these specifications without notice.

Rev.01+ 1501
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SUBMARINE CABLE DATASHEET

Docket No.

Exh. TDI-LE-4
A DD
D

2.2 Submarine Cable Design Sheet — 1,000 MW

DC Voltage +320 kV

Conductor

Type / material profiled strands / copper
Cross-section 2,500 mm?

Water blocking compound

Diameter 2.27 inches (57.6 mm)
Conductor binder

Material semi-conductive swelling tape
Thickness 24 mils (0.6 mm)
Conductor shield

Material semi-conductive polymer
Thickness 59 mils (1.5 mm)
Insulation

Material cross-linked DC polymer
Thickness 709 mils (20 mm)
Insulation shield

Material semi-conductive polymer
Thickness 55 mils (1.4 mm)
Longitudinal water barrier

Material semi-conducting swell-able tape
Thickness 24 mils (0.6 mm)
Metallic sheath

Type / material extruded / lead alloy

Thickness 114 mils (2.9 mm)
Inner sheath

Material high-density polyethylene
Thickness 98 mils (2.5 mm)
Tensile armour

Type / material wire / steel

Thickness 197 mils (5 mm)
Outer serving

Material polypropylene yarn, 2 layers
Thickness 157 mils (4 mm)
Complete cable

Diameter 5.31inches (135 mm)
Weight in air 35.2 Ibs.ft. (52.4 kg/m)
Weight in water 25.6 Ibs.ft. (38.1 kg/m)

Note: All data shall be considered nominal
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AL IDED
D

2.3 Electrical Cable Properties

The submarine cable has the following electrical properties:

operation

Rated continuous DC voltage, Uy 320 kV
Switching impulse withstand level (SIWL)
started from Uy 698 kv
Subtractive SIWL started from Uy to voltage at

; . 378 kV
opposite polarity
Rated continuous current under the installation 1638 A
conditions set out in Sections 2.5 and 2.6 below ’
Maximum conductor temperature in normal 70 °C

DC resistance at 20 °C

0.0022 ohm/1,000 ft. (0.0072 ohm/km)

DC resistance at maximum conductor
temperature

0.0027 ohm/1,000 ft. (0.0087 ohm/km)

Losses at rated current

7.1 W/t. and cable (23.3 W/m)

Capacitance

0.085 uF/1,000 ft. (0.28 pFrkm)

Inductance
(between conductor and metallic sheath)

0.039 mH/1,000 ft. (0.127 mH/km)

conductor temperature

Surge impedance 21.4 ohm
Maximum permissible short-circuit current in

the conductor during 0.2 s for 70 °C initial 24 kKA
conductor temperature

Maximum permissible short-circuit current in

the metallic sheath during 0.2 s for 70 °C initial 12 kKA
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