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SUMMARY

The energy transition, is one of the most important topics nowadays. Renewable en-
ergy sources contribution in the energy mix is growing rapidly. However, due to their
intermittent power output, they cannot ensure system security and stability, and there-
fore, energy storage technologies are needed. In this direction, hydrogen is an energy
carrier with great potential. When produced from water electrolysis based on electricity
from renewable energy sources (green hydrogen), it represents a sustainable fuel. Due
to that, industry’s interest is turn on green hydrogen production, with several large scale
projects announced on a daily basis. In many countries, especially in Europe, there is
not enough empty land for large scale renewable energy projects, turning the interest to
offshore areas. This research aims to design and analyse the economic feasibility of an
offshore hydrogen production system, intending for 2030, based on offshore solar en-
ergy, located in Greece, for the production of a million tons of hydrogen per year. The
produced hydrogen will be injected into the European hydrogen network. Considering
the main components of an offshore solar to hydrogen system, four possible system con-
figurations are proposed based on two parameters for comparison. The first parameter
for examination is the electrolyzer type, which can be either alkaline or PEM. The sec-
ond parameter is the involvement of batteries into the system. The sizing and cost de-
tails about the different systems were selected and all the configurations were modelled
using Matlab and Simulink software. From the model results, the levelized cost of hy-
drogen for all the systems was calculated to evaluate the project. The most cost-effective
configuration was the one based on alkaline electrolyzer and without the involvement of
batteries. The levelized cost of hydrogen for the selected configuration was calculated to
be 1.5 €/kg of hydrogen, making it comparable with blue hydrogen costs and with green
hydrogen costs of relevant announced projects. A sensitivity analysis showed that the
most influencing factor in the cost calculation is the capital expenditure of the floating
photovoltaic system. More specifically, by decreasing the floating photovoltaic costs by
30%, the levelized cost of hydrogen can be reduced by 19%. Finally, in an optimistic sce-
nario, where all influencing factors are improved by 20%, hydrogen can be produced at
a cost slightly higher than 1 €/kg. Overall, it is concluded that an offshore hydrogen pro-
duction system based on offshore floating solar energy, located in Greece, northern to
Crete, can produce hydrogen at a competitive cost.
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INTRODUCTION

1.1. MOTIVATION

Energy transition is one of the most important topics nowadays. Due to the Paris Agree-
ment, which sets a general target of maintaining the average temperature of the world
below 2 °C, several European countries have set goals to increase the renewable energy
sources contribution in the energy mix [1]. However, renewable energy sources, cannot
ensure a safe and reliable energy future, due to their variable power output caused by
their dependency on the weather conditions. For example, sun is not shining during the
night and winds are not strong all the time. Therefore, storage technologies are needed
for clean and reliable energy systems to make optimal use of renewable energy sources.

Hydrogen has the potential to be a solution to this problem and become a fundamen-
tal part of future energy systems. Hydrogen is a simple and light chemical element and
is capable of producing only water vapor from its combustion [2]. It provides the high-
est energy content per mass unit, with a higher heating value (HHV) of 39.42 kWh/kg
[3]. Hydrogen cannot be found in its pure form in the nature and therefore a production
procedure is required. Nowadays, hydrogen is mostly produced from fossil fuels repre-
senting the 95% of the hydrogen production worldwide. The rest 5% is produced from
biomass-based procedures and water splitting [4]. The reason behind this extensive use
of fossil fuels in hydrogen production is the relatively low levels of the fuel prices [5]. The
production and consumption of hydrogen for 2019 is depicted in figure 1.1.

When hydrogen is produced from fossil fuels, named grey hydrogen, carbon diox-
ide is emitted to the atmosphere. In case carbon capture and storage (CCS) technology
is used, the so-called blue hydrogen can be produced. Blue hydrogen can potentially
be the bridging solution towards a clean and sustainable hydrogen production system.
However, the cost of producing hydrogen with CCS technologies is high [7] and also, it
does not represent a sustainable way of producing hydrogen. Therefore, other methods,
based on renewable energy sources should lead the way in hydrogen production, such
as water splitting or biomass-based technologies [5] [7]. In this case, it is called green
hydrogen. The technology to produce green hydrogen from water splitting is called wa-
ter electrolysis. In Water electrolysis, water is decomposed into oxygen and hydrogen

1
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Figure 1.1: Hydrogen production and consumption in 2019 [6]

gases due to the application of electricity. This process takes place in a device named
electrolyzer.

Coupling the electrolyzers with renewable energy sources is needed for clean and se-
cure energy systems. Renewable energy sources’ share in the energy mix is continuously
increasing. Mostly wind and solar energy are used for the energy production, with other
options to be hydropower, energy from biomass, geothermal energy, and wave and tidal
energy [8]. However, hydrogen production from renewable energy sources is still negli-
gible, mostly due to the high costs. he most cost-effective methods to produce hydro-
gen are based on fossil fuels (grey hydrogen), such as natural gas and coal. The cost of
grey hydrogen production, especially when based on natural gas, are between 1-2 €/kg
[6], but it can be higher depending on the region. Adding carbon capture storage tech-
nologies (CCS) makes hydrogen production more environmentally friendly, increasing
however, the production costs to 1.5-2.5 €/kg [9]. Green hydrogen production based on
renewable energy sources is currently higher, around 2-6 €/kg depending on the region.
However, until 2030, the green hydrogen production costs are expected to drop to 1.5-3
€/kg [10] [9].

The global green hydrogen pipeline has already reached 207 GW, with projects being
announced on a regular basis [11]. Most of the projects announced are intending for
large scale, aiming to reduce the hydrogen production costs significantly. The leader of
the announced projects is the HyDeal Ambition, which will be located in multiple sites
in Western Europe and aims for 3.6 million tones per year of hydrogen production from
95 GW of solar energy which will be used to power 67 GW of water electrolysis. The plan
is to deliver green hydrogen across Europe at a cost of 1.50 €/kg before 2030 [11]. In some
countries, especially in Europe, it is extremely hard to find free land to harness renewable
energy sources and therefore, attention is turned on offshore projects. A good example
of such projects is the NorthH2, located in the northern part of the Netherlands, which
will be based on energy produced from offshore wind with the target of one million tons
of hydrogen production per year [11]. In general, the focus now is turn on large-scale
hydrogen production, with most projects intend for more than one million tons of hy-
drogen production annually.
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A significant portion of the announced projects are based on solar energy produc-
tion. The sun is an unlimited energy source in the planet Earth and has the potential,
theoretically at least, to cover the total global energy demand. However, in practice the
presence of solar energy in the global energy supply mix is still small. The intensity of
the solar irradiance differs between different locations and depends on various factors.
The yearly average amount of solar energy that reaches the Earth’s atmosphere is around
342 W/m?, of which 70% is available for use, since the rest 30% is scattered or reflected
back to space [12]. As can be seen from figure 1.2, and focusing on Europe, the irradi-
ance levels are higher in the southern part, with Spain, South Italy and Greece, being the
optimal choice for a solar energy production.

[ e ot

Matthias Loster, 2008
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Figure 1.2: Global average solar irradiance [12]

1.2. AIM AND RESEARCH QUESTIONS
Overall, hydrogen production from large scale solar farms, along with large scale hydro-
gen transport through pipelines can lead to low hydrogen production costs and ensure a
reliable and clean energy future. Considering European countries, free areas are difficult
to find for large-scale installations, and therefore, offshore projects have the potential to
become a great option. The most optimal locations for solar energy, as already indicated,
are in the South part of Europe. Therefore, this research, aims to evaluate the technical
and financial feasibility of a large-scale offshore power to hydrogen plant by 2030, based
on offshore floating solar energy, located northern to Crete, in the Aegean Sea, in Greece.
The hydrogen produced will be injected into the main hydrogen network and distributed
across Europe. Therefore, the main research question is:

What is the cost of producing 1 million tons of hydrogen per year from floating solar
energy, in an area north of Crete?

1.2.1. SUB-QUESTIONS
The following sub-questions will be elaborated, in order to assist in reaching a conclusive
answer to the main research question:

1. What are the main system components of an offshore solar to hydrogen system?
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2. What are the main challenges for the technical and financial feasibility of the pro-
posed hydrogen system?

3. What is the proper way to model the proposed hydrogen system?
4. What is the most cost-effective system configuration?

5. What is the economic feasibility of the proposed system to produce one million
ton of hydrogen in an area north to Crete?

6. What are the main cost drivers to reduce the overall Levelized Cost of Hydrogen
(LCOH) of the system?

1.3. SYSTEM OVERVIEW

1.3.1. LOCATION SURVEY

To begin with, the selected location specific characteristics should be identified. As al-
ready mentioned, the site selected for the system is in the Aegean sea, northern to Crete
island, in Greece, due to its great solar energy potential.

Figure 1.3: Selected location for the power to hydrogen system examined

A fist parameter for examination, is the depth of the water. In the selected location,
the depth changes sharply as the distance from shore increases until the distance of 15
km, as can be seen in figure 1.4. After that point, the depth remains around the same
level [13]. Therefore, from design perspective, it is more feasible for the project to be
installed at least 15 km away from the shore, to ensure approximately the same water
depth level for the whole plant.

G. Lavidas et al. [14] and Zacharioudaki et al. [15] present useful information about
the wave characteristics in the Aegean Sea over a 35 year period (1980-2014) and a 42
year period (1960-2001) respectively. From this information, the mean significant wave
height is approximately 1.5 m, while the maximum significant wave height is approxi-
mately 7 m, as can be seen in figure 1.5:

For this research, hourly data for irradiance, wind speed and temperature, imported
from PV Geographical Information System [16] , will be used. The average global hori-
zontal irradiation is 1810 kWh/m? according to Global Solar Atlas [17]. From the same
database, the specific photovoltaic power output is reported to be 1610 kWh/KW),, and
the average temperature 19.5 ° [17]. The global horizontal irradiance (GHI) (W/m?) of
the location for a typical meteorological year can be seen in figure 1.6.
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Figure 1.4: Depth variation along with the distance from shore for the selected location [13]

Figure 1.5: Mean Significant Wave Height (SWH), standard deviation of SWH, maximum SWH in meters,
respectively [15]
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Figure 1.6: Irradiance data for a typical meteorological year [16]

It should be highlighted, that data for sea water areas were not available and there-
fore, the data used refer to the closest shore area, assuming that the difference is not
significantly affecting the results. By noticing the figure, it can be understood, that the
irradiance depends highly on the season of the year. During the winter hours, the irra-
diance levels are lower, while during the summer hours they are higher. The spikes in
the graph represent high irradiance levels, while the dips represent the low irradiance

periods, including the night hours. Overall, the location details are presented in table
1.1:
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Table 1.1: Site information [16] [15] [14] [13]

Coordinates 35.47°N, 24.78°E

Distance from shore 15 km

Water Depth 1000 m
Average Global Horizontal Irradia- | 1810 kWh/m?
tion

Specific photovoltaic power output 1610 kWh/KW,
Average Temperature 19.5 0

Mean Significant Wave Height 1.5 m

Max Significant Wave Height 7 m

1.3.2. SYSTEM LAYOUT

After addressing the main location characteristics, the system components of the off-
shore solar to hydrogen system need to be identified. The hydrogen production is based
on electricity produced from an offshore floating photovoltaic system. Like all renew-
able energy sources, PV systems are characterized by a fluctuated energy production, as
can be seen from figure 1.6. This becomes even clearer by focusing on a single week of
the year, as presented in figure 1.7. More specifically, the irradiance levels deviate signif-
icantly, not only during the whole week, but even during the same day.

600
500
400 |
o | | | [
E300F | | ‘ w ‘ !
200F | | . I | | | ‘v

w00 | Iy | |

ol L. ! L S ‘
0 20 40 60 80 100 120 140 160 180
Hours

Figure 1.7: Irradiance data for a single week of the year [16]

Direct coupling of electrolyzers with renewable energy sources is questioned through
the literature. The coupling of electrolysis systems to renewable energy sources is fea-
sible in technical terms [18]. In practice, large-scale electrolysis systems include several
individual stacks in parallel. Therefore, the power consumption of the electrolyzers can
be controlled by switching off individual electrolyzer stacks [19]. Power electronics, are
needed to adjust the current and voltages to the operating level of the electrolyzer. How-
ever, dynamic operation of the electrolyzers, if not controlled properly, can hide dangers
regarding the efficiency of the system and hydrogen quality [20]. To prevent such issues,
a battery could buffer the PV power output making the electrolyzer operation more sta-
ble. Batteries can also achieve higher energy usage, by using the extra energy during the
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day and provide it to the electrolyzer to operate during the night. Therefore, the battery
addition to the system should be examined.

The electrolyzer unit requires pure water to operate. Therefore, a water treatment
unit based on reverse osmosis is needed. The produced hydrogen will be injected into
the hydrogen network. To do so, the hydrogen should be pressurized to 100 bar. There-
fore, a compressor facility to increase the pressure from the electrolyzer output to 100
bars is needed. The system is autonomous, which means that there is no connection
to the electricity grid, and all the energy used, is generated by the OFPV system. There-
fore, the electricity for all other services must be sourced either from the FPV system or
from a temporary storage system, such as a battery. The reverse osmosis facility and the
hydrogen compressors, need to operate only when the electrolyzer operates. So, their
electricity needs will be covered from the OFPV system and if needed, from a temporary
storage method. On the other hand, there are facilities such as the computer and control
systems for the electrolyzers, that should operate during the night hours. Therefore, a
small number of batteries will be used for this purpose also. An overview of the system
can be seen in figure 1.8.

NE
K
ol

Figure 1.8: Overview of the system configuration

After addressing the main system components, a literature review needs to be per-
formed, in order to identify the main challenges behind offshore hydrogen and offshore
floating solar systems. In addition, information about the costs and the sizing of the dif-
ferent components are needed. At this point, after knowledge is already built, the model
will be designed on Matlab and Simulink software. The output of this model, is the lev-
elized cost of hydrogen (LCOH), which will show what is the economic feasibility of the
project.

1.4. REPORT STRUCTURE

In Chapter 2, background information on green hydrogen projects, hydrogen production
systems, electrolyzers and the floating PV technologies will be presented. In Chapter 3,
the basics of the system design will be analyzed, including information about the loca-
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tion and the sizing of the different components. Chapter 4, presents the models created
for the system in Matlab and Simulink software. In Chapter 5, the final results will be
addressed and the final system configuration will be decided. Discussion will take place
in Chapter 6, along with sensitivity analysis results. In the last chapter, chapter 7, the
conclusions of this research are addressed and recommendations for future research are
given.



LITERATURE REVIEW

In this chapter, literature material relevant to the proposed offshore hydrogen produc-
tion system based on floating solar energy will be presented. At first, the overview of
the hydrogen projects will be illustrated. Then all relevant literature information for the
components of the proposed hydrogen system will be addressed.

2.1. HYDROGEN

2.1.1. HYDROGEN PROJECT PIPELINE

Currently, there are 228 hydrogen projects worldwide across the value chain, as can
be seen in figure 2.1 [21]. 17 out of this, are already-announced GW-scale production
projects, with the biggest in Europe, Australia, the Middle East and Chile.

Exhibit 2: Global hydrogen projects across the value chain
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Figure 2.1: Hydrogen projects worldwide [21]

The global green hydrogen pipeline has already reached 207 GW, with projects be-
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ing announced on a regular basis [11]. Currently, the electrolyzer market is still at an
early stage. Most projects are in MW scale, with projects up to 20 MW, being the norm,
while projects up to 250 MW are already announced. Most of the projects announced
are intending for large scale, aiming to reduce the hydrogen production costs signifi-
cantly. The key projects for green hydrogen production worldwide are summarized in
the following table:

Table 2.1: Top green hydrogen projects announced [11]

Name Location Power Source | Electrolyzer Hydrogen
Capacity Output [m
[GW] tones/year]
HyDeal Am- | Western Solar (95 GW) | 67 3.6
bition Europe
Unnamed Kazakhstan Wind & Solar | 30 3
(45 GW)
Unnamed Aman Wind & Solar | 16-20 Not stated
(30 GW)
Unnamed Oman Wind & Solar | 14 Not stated
(25 GW)
Asian Renew- | Western Aus- | Wind (16 | 14 1.75
able Energy | tralia GW) & Solar
Hub (10 GW)
NortH2 northern Offshore 10 1
Netherlands wind

2.1.2. WATER ELECTROLYSIS

Most of the green hydrogen projects are based on water electrolysis. Water electrolysis
is a hydrogen production method, which when based on renewable energy sources, has
the potential to produce green hydrogen without harmful emissions. Water electrolysis
is used for more than 100 years, but recently, it has gained increased interest. The basic
principle of water electrolysis is the separation of water into oxygen and hydrogen gases
due to the application of a direct current. The system in which this procedure takes place
is called an electrolyzer and consists of multiple electrolysis cells, each one of which con-
sists of two electrodes (anode, cathode), an electrolyte and a membrane or diaphragm,
which prevents the recombination of hydrogen and oxygen molecules. The two elec-
trodes are connected to an external power supply and must be resilient to corrosion and
have great electric conductivity [22] [23].

The chemical reaction of water electrolysis is [22]:

1
HzO—'Hz(g)+§Oz(g) 2.1)

In the electrolysis process, the electrons leave the anode, polarizing positively this
electrode, and the oxidation half-reaction takes place. Then, the electrons flow to the
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Figure 2.2: Basic electrolytic cell for water electrolysis [24]

cathode, polarizing this electrode negatively, and the reduction half-reaction takes place.
Therefore, the oxygen is generated at the anode and the hydrogen at the cathode [22]
[25].

The energy of the water electrolysis procedure is given by the enthalpy of the process,
with constant pressure and temperature. Therefore, the theoretical energy need for the
previous reaction to take place, is the difference in the enthalpy, AH. According to the
thermodynamic laws, this difference is [22]:

AH=AG+TAS (2.2)

In the previous equation, AG (reversible part) corresponds to Gibbs free energy, AS
is the entropy and T the absolute temperature (reversible part). AG is provided as electri-
cal energy while T AS is supplied as thermal energy. In the process of Water electrolysis,
a theoretical minimum of 237 kJ of electrical energy is needed in order to split each mole
of water and energy to overpass the difference in entropy. Thus, the minimum theoreti-
cal value of the reaction is 285.8 kJ per mol with no external energy input [26]. However,
the actual energy needed for water electrolysis is bigger because of current and overvolt-
age losses [4].

Although there are several water electrolysis technologies available, such as alkaline
water electrolysis (AWE), proton exchange membranes (PEM), solid oxide water electrol-
ysis (SOCE) and anion exchange membrane electrolysis (AEM), the only ones available
commercially at a large scale are alkaline and PEM, and they will both be examined. The
performance of electrolyzers depends on many factors, such as voltage, current, pres-
sure, temperature, electrode spacing, and electrolyte concentration. However, these fac-
tors will not be examined in this report, as the target is to examine the electrolyzer as a
part of a hydrogen production system and not to investigate the fundamentals of water
electrolysis technologies.

ALKALINE WATER ELECTROLYSIS

Alkaline water electrolysis is the most common method of water electrolysis, as it is ma-
ture in the market and relatively cheap, compared to the other methods. In this tech-
nology, the electrolyzer cell consists of two electrodes separated by a diaphragm, made
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from asbestos [23], in order to keep separated the produced hydrogen at the cathode
from the produced oxygen at the anode. The electrolyte in this case, is a highly con-
centrated aqueous solution of potassium hydroxide (KOH), with concentration around
25-30 wt.%. However, there are also other possible electrolytes such as sodium hydrox-
ide (NaOH) or Sodium Chloride (NaCl) used. Water is introduced at the cathode, where
itis splitinto hydrogen and hydroxideions [22]. The operating principle of alkaline water
electrolysis is depicted in figure 2.3.

oxygen (O;) hydrogen (Hy)

anode cathode
+ diaphragm -

]

]

bt Bt B b B e B e B
e e e e

[

& electrolyte
(alkaline solution)

electrolyte
(alkaline solution)

Figure 2.3: Operating principle of alkaline water electrolysis [22]
The half reaction of the cathode in alkaline electrolysis is [22]:

2H0+2e” — Hy+20H™ (2.3)
The half reaction of the anode is:

1
ZOH_—>§OZ+HZO+2e_ (2.4)

The current density of alkaline electrolyzers ranges between 0.2 and 0.4 A/ cm?, while
the output pressure can be up to 30 bars. The purity levels of the produced hydro-
gen reach 99%. Water with low purity levels is needed for both types of electrolyzers,
and therefore, water treatment facilities are needed. For alkaline electrolyzers the water
electrical conductivity should be 5 S/cm. The efficiency of electrolyzers is not constant,
taking values depending on the input load. The efficiency of alkaline electrolyzers can
taking values from 64 to 84 % according to different literature sources [7] [27] [5]. The
footprint of the electrolyzer is a very important parameter, especially for offshore sys-
tems. However, for large scale projects, it is not clearly declared in the literature. Given
the fact that, only MW scale projects are active, only estimates can be given about this
value. An electrolyzer facility, apart from the electrolyzer units, includes the water treat-
ment facility, the electrical equipment, such as converters from AC to DC, the compres-
sion units and the control rooms and offices [28]. According to IEA, the footprint of an
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alkaline electrolyzer plant is 0.095 m?/kW [29]. Hydrogen Europe indicates that the foot-
print of alkaline electrolyzers will be reduced from 0.08 currently to 0.04 m?/kW by 2030
[30]. Institute for Sustainable Process Technology (ISPT) presented a study which aims
to present blueprints for future GW water electrolysis facilities. In this report, it is stated
that a GW alkaline electrolyzer facility has a footprint of 170,000 m? (0.17 m?/kW) with
the possibility to be reduced to 100,000 [28]. Weight is an equally important parameter.
However, also in this case, there is not a standard weight for electrolyzer facilities and
estimations will be used. From comparing available technical specifications of different
commercial models, the specific weight of alkaline electrolyzers is 0.02-0.03 kg/W [31].

The minimum part load operation value is 10% of the rated capacity for alkaline elec-
trolyzers, meaning that below this level the electrolyzer is shut down, for safety reasons
[32]. The cold start-up time, is reported to be 20 minutes [33] and warm start-up time
less than 5 minutes [19] for alkaline electrolyzers. Alkaline electrolyzers are reported to
have a ramping level of 20% (full load)/second by 2030 [33], meaning that they are able
to adjust the power demand in seconds. In some cases, alkaline electrolyzers are not
preferred for coupling with renewable energy sources, therefore, their use is more opti-
mal with constant power supply. However, for cases like Greece, where the fluctuation of
solar energy is not so intense compared to northern European countries, alkaline elec-
trolyzers can be used effectively.

In terms of cost, alkaline water electrolyzers are cheaper than the other technologies,
since expensive metals are not required, and non-platinum group metal (non-PGM) cat-
alysts are used. Currently, the alkaline electrolyzer costs are high (>500 €/kW), but there
are projections that massive electrolyzer production will reduce the costs further.

PROTON EXCHANGE MEMBRANE (PEM) WATER ELECTROLYSIS

Proton exchange membrane (PEM) electrolyzers use a membrane instead of a diaphragm
that alkaline use. The water is imported at the anode where it is separated into protons
which penetrate through the membrane to the cathode to produce hydrogen, while oxy-
gen remains back with water. At the anode, water is oxidized to create oxygen, electrons,
and protons. The anode, cathode, and membrane set constitute the membrane elec-
trode assembly (MEA) [22].

The half reaction of the cathode in alkaline electrolysis is [22]:

2H" +2¢” — H, (2.5)
The half reaction of the anode is:
1 P
HZO—»EOZ +2H" +2e (2.6)

PEM electrolyzers are also a mature technology, with extended use in the market.
The current density of PEM electrolyzers is 0.6-2.0 A/cm?, much higher than the one of
alkaline electrolyzers, meaning that less space is needed for hydrogen production. PEM
hydrogen output is better in terms of purity compared to alkaline, reaching 99.9 %. For
alkaline electrolyzers the water electrical conductivity should be 1 S/cm. The efficiency
of PEM electrolyzers can taking values from 65 to 80 % according to different literature
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Figure 2.4: Operating principle of PEM water electrolysis [22]

sources [7] [27] [5]. Like in the alkaline case, PEM electrolyzer footprint is not specified in
the literature for large scale projects. It is reported to be half (0.048 m?/kW) comparing
it to alkaline [29]. Hydrogen Europe projects that footprint of PEM electrolyzers will be
reduced from 0.05 to 0.025 m?/kW [30]. ISPT states that PEM electrolyzer footprint for
a GW facility is 130,000 m? and can be further reduced to 80,000 m? [28]. The specific
weight of PEM electrolyzers is reporter to be approximately 0.01-0.02 kg/W, almost three
times lower than the one of alkaline [34] [35].

The minimum part load operation value for PEM electrolyzers can be between 0 and
5% [32]. The cold start-up time, is reported to be up to 5 minutes and warm start-up time
a few seconds for PEM electrolyzers [33] [30]. PEM electrolyzers are reported to have a
ramping level of 40% (full load)/second by 2030 [33]. PEM respond quickly to varying
power supply, and therefore, they can be used on a wide range of applications, including
direct coupling with renewable energy sources. The cost of PEM electrolyzers is almost
double than the one of alkaline at the moment. However massive production and larger
scale use in projects could possibly reduce the costs by more than half [36].
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An overview of the key characteristics of both alkaline and PEM electrolyzers are pre-
sented in table 2.2:

Table 2.2: Comparison between different technologies for water electrolysis [37] [25] [23] [38] [22] [6] [39]

Alkaline PEM

Electrolyte Aq. potassium hydrox- | Polymer = membrane
ide (20-30 wt% KOH) (Nafion)

Current density | 0.2-0.4 0.6-2.0

[A/cm?]

Gas Purity [%] 99 99.99

Toperating [°Cl 60-80 50-80

Operating Pressure | 1-30 30-80

[bar]

Stack Lifetime [1,000 h] | 60-90 30-90

Efficiency [%] 65-84 65-80

Maturity Mature Mature

Water Electrical Con- | 5 1

ductivity [S/cm]

Cold Start-Up Time | 20 5

[Minutes]

Warm Start-Up Time | 5 Few Seconds

[Minutes]

Min Part Load Opera- | 10 0-5

tion [%]

Footprint [m?/kW] 0.04-0.17 0.025-0.13

Weight [kg/W] 0.02-0.03 0.01-0.02

Capital Cost [€/kW¢] 500-1,400 1,100-1,800

Advantages Low cost, long lifetime, | High current densities,
mature technology, | fast system response,
high efficiency no corrosive  sub-

stances,  high-purity
Hy

Disadvantages Low efficiency, low cur- | High cost, shorter life-
rent densities, corro- | time
sive character, slow re-
sponse

2.1.3. REVERSE OSMOSIS

Most electrolyzer technologies cannot operate on sea water. Therefore, clean water with
low conductivity is required for the electrolysis process. To reach the desirable level of
conductivity, specific treatment is needed, such as desalination and purification pro-
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cesses. Reverse osmosis is the most commonly used technology for water purification.
It is based on the application of high pressure in order to ensure separation of water and
dissolved substances [40] [41]. The reverse osmosis plant needs 9 litres of water to pro-
duce 1 kg of hydrogen [42]. The power consumption of a reverse osmosis facility is 3
kWh/m?3 [43]. The capital cost of a reverse osmosis unit is expected to fall to around
1,100 €/(m®/d) by 2030 [44].

2.1.4. HYDROGEN STORAGE & TRANSPORT

Hydrogen storage, transmission and distribution are key elements in the hydrogen value
chain. Hydrogen has a very low energy density, thus, storing it requires compression or
binding it to specific materials [3] [39]. The most common methods for hydrogen storage
are compressed gas storage, liquid storage and solid storage in metal hydrids.

Apart from hydrogen storage, transmission and distribution is a crucial issue to the
extended hydrogen use in energy systems. The main methods for delivering hydrogen
are in liquid form in cryogenic tanks or in gaseous form by either compressed pressure
vessels contained in tube trailers or through gas pipelines. In case hydrogen is used in
large scale, the pipeline network can be an option with great potential, since the costs
are significantly lower than the other types of transport. A huge amount of dedicated
hydrogen pipeline is then needed, which requires high level of investment [5] [45]. Their
size varies from 6-48 inches in diameter, depending on their use [46]. The global hydro-
gen pipeline network exceeds 4,500 km (2016 data), as presented in [39]. A hydrogen
pipeline network can potentially offer the most cost-beneficial way of energy transport.
More specifically, and comparing to electricity, pipelines can distribute ten times the en-
ergy at eight times lower costs than the cables [39]. Furthermore, hydrogen pipelines’
lifetime is higher than the one of electricity cables. For these reasons, hydrogen trans-
port through pipelines is selected as the distribution method in the proposed system.
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2.2. SOLAR ENERGY

Hydrogen production from renewable energy sources is getting increased attention lately
for several reasons. One of them is that, over the last years, the levelized cost of energy
(LCOE) has dropped sharply, as can be seen in figure 2.5. From this figure, one can notice
that the LCOE of solar energy has dropped to less than 0.1 $/kWh in the latest auctions.
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Note: For CSP, the dashed bar in 2019 shows the weighted average value including projects in Israe
Figure 2.5: LCOE for different renewable energy sources (2019 data) [47]

Solar energy is one of the main power sources in green hydrogen projects. In this
section, the main background information on PV technologies and systems will be pre-
sented, along with relevant to this research information about floating technologies and
structures.

2.2.1. PHOTOVOLTAIC BASICS

Solar cells, made of semiconductor materials, such as silicon (Si) or germanium (Ge),
make use of the photovoltaic effect, releasing electrons when exposed to sunlight to pro-
duce direct current (DC) electricity. The photovoltaic (PV) effect is voltage generation at
the junction of two different materials due to exposure to sunlight [48].

Several series of solar cells interconnected form a PV module. There are several tech-
nologies available in the market, such as poly- and mono-crystalline silicon, amorphous
silicon, thin film and others. The most used type of modules are the crystalline sili-
con, which usually consist of 60 to 72 solar cells. Apart from the modules, a PV system
includes also other equipment, such as cables, wires, switches, automatic protection
equipment, fuses, racking, mounting structure and others [48].

The parameters that characterize PV modules are measured under standard test con-
ditions (STC). In other words, the total irradiance on the solar cell is 1000 W/m?, the
spectrum should be as the Air Mass 1.5 spectrum and the temperature of the solar cell
should be equal to 25°C [48]. The behavior of an illuminated solar cell can be elaborated
by an I-V curve, which is depicted in figure 2.6. The I-V curve represents all the possible
combinations of current and voltage output of a solar cell. The main parameters that
are used to describe the performance of solar cells are the peak power Pysp, which is
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the rated capacity of the module, the short circuit current Isc, which reflects the current
when terminals of the PV module directly connected to each other such that the voltage
breaks down, the open circuit voltage Voc, which is the voltage when no current exists
and the fill factor FE which is the maximum power produced by a solar cell divided by
the product of Voc with Isc.

A
IV curve VMP IMP

s
[2]

\The short circuit current, ISC

g

P
DC_> MP
€ Power from
o the solar cell
5 P=VxI
[&]

The open circuit voltage, Ve

Voltage Voc

Figure 2.6: Characteristic I-V curve of a PV module [49]

The I-V curve depends on the module temperature and on the irradiance, which
means that the PV module will have a unique I-V curve and a new maximum power point
(Ppp). In order to make optimal use of the PV module, this point needs to be identified.
For this reason, maximum power point trackers (MPPT) are used, which is nothing more
than an algorithm usually embedded in the inverter [48].

2.2.2. FLOATING PHOTOVOLTAIC SYSTEMS

Photovoltaic (PV) modules can be installed in various layouts, both onshore and off-
shore. Onshore solar PV can be installed either on the ground, as large, utility-scale
power plants, or on roofs of residential or commercial buildings. Both installations, re-
quire space, which is not always free and available, therefore, other solutions are consid-
ered, such as setting PV modules on the top of the canal [50].

All the layouts presented above, are installations that require the use of land, which is
hard to find in many countries and there is usually a conflict for other possible uses such
as agricultural activities. To overcome this obstacle, floating solar systems can offer great
potential. Floating photovoltaic (FPV) technologies (figure 2.7) have gained increased
interest in the market lately and they seem to provide an appealing solution. This tech-
nology is very important for countries with land availability issues such as Japan, Sin-
gapore, Korea, Philippines, and many others. FPV systems can be installed in several
water areas, such as oceans, lakes, reservoirs, wastewater treatment facilities, canals and
others [51].

Currently, most of FPV applications take place on inland water bodies, although
oceans cover about 70% of the Earth’s surface. The reason behind this, is that there are
several important challenges in offshore FPV installations, such as extreme water sur-
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(a) Floating PV system installed by Akuo Energy in (b) Offshore floating PV system installed by Oceans
France [52] of Energy in the North Sea [53]

Figure 2.7: Floating PV plants

face conditions, stronger winds, and larger waves. The first FPV system was built in 2007
in Aichi, Japan. The first commercial application of FPV is a 175 kWp system set up at
the Far Niente Winery, California, United States, in 2008. According to the World Bank,
and as can be noticed in figure 2.8, there was a significant increase in the last years in
cumulative installed capacity of FPV projects worldwide, from 169 MWp in 2016 to 1314
MWp in 2018 [51]. The majority of FPV installations take place on inland waters.
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Figure 2.8: Global installed FPV capacity and annual additions [51]

FPV systems offer important benefits in comparison to land-based PV systems. Firstly,
they take advantage of unusable space, which is very important for several countries. In
addition, in some cases, FPV systems offer higher efficiency than ground-based PV sys-
tems due to the lower temperature levels of the water environment. Finally, other advan-
tages of FPV systems include reduced algae growth and reduced water evaporation [50]
[51]. However, there are important challenges that need to be considered. The moisture
environment of the installation can affect the performance of the modules as well as the
floating structure. In addition, offshore FPV systems should be able to withstand rougher
environmental conditions such as floods, cyclones, waves, and heavy winds, something
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that increases the cost and the uncertainty of the structure.

The parts that a PV system consist of are presented in figure 2.9. More specifically,
the main part is the PV modules, which are mounted on a floating platform. The an-
choring and mooring system is responsible for keeping the plant in the desired position.
Inverters are also used, which can be placed on shore in some cases, and finally, there
are cables in order to transfer the produced energy to the shore [54].

Connections to Other Transmission
Floating Solar PV Arrays
Lightning Protection System
(Grounding for Metal PV Central Inverter
Module Mounting Hardware)  py Modules (Floating or Shore Based)

L

Floats or

| Pontoons

Underwater Cables

Mooring Lines

Figure 2.9: Key components of a floating photovoltaic system [54]

The system proposed in this research is an offshore floating PV system. Offshore en-
vironments represent a great option for renewable energy and therefore, it is important
to investigated the challenges related to designing and installing FPV systems in marine
environments [55]. The main advantages of offshore FPV are mostly the same with the
inland FPV systems, offering the use of unexploited area and potentially higher efficien-
cies, due to the lower temperatures further offshore. However, further offshore, the en-
vironment is highly demanding and therefore it should be ensured, that the system will
survive in harsh conditions, such as strong waves, wind and current loads. Degradation
due to saltwater corrosion and soiling losses from bird droppings are also an important
factor that should be considered in offshore FPV.

Furthermore, the project designed in this research, configuration differs from a typ-
ical FPV system illustrated in figure 2.9 also in other details. More specifically, there is
no need for alternate current (AC), therefore, inverters are not included. Instead, since
electrolyzers require a different specific voltage to operate, which usually differs from the
output voltage of the FPV system, DC-DC converters are needed in order to regulate the
voltage and current. A DC-DC converter is a device usde to regulate the input voltage
and current [56].
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2.2.3. FPV SYSTEM COMPONENTS
In this section, background information on the different components of a floating PV
system will be presented.

SOLAR PV MODULES

In general, there are two main types of PV panels, rigid and flexible. The selection of the
type of solar modules depends on several factors such as space, cost, relative humidity,
and type of water bodies. The type of panels selected significantly affects the rest of the
system components. For instance, flexible panels may not require a floating structure to
buoy in the water. The main PV technologies on the market are silicon based and thin
film technologies [57].

= Si mono-crystalline cell (79 cm?)

= Si mono-crystalline module (13177 cm?)

= Si multi-crystalline cell (268 cm?)

Crystalline Silicon

Si multi-crystalline module (14818 cm?)

» CIGS cell (1 cm?)

CIGS module (841 cm?) 19.2 E
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m CdTe cell (1 cm?) 21.0 £
= CdTe module (23573 cm?) 19.0

Perovskite cell (1 cm?) 226

New concept
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Figure 2.10: Efficiency comparison of PV technologies, at cell and module level [58]

Among the different technologies in the market, mono-crystalline silicon PV mod-
ules perform the highest efficiency values. The efficiency of the PV cells and modules
in the lab is depicted in figure 2.10. In the laboratory, the modules with the higher effi-
ciency are based on mono-crystalline silicon with 24.4%. The highest lab efficiency for
thin film technology modules is 19.2% for CIGS and 19% for CdTe. Finally, record lab
module efficiency for Perovskite is 17.9% [58]. According to Fraunhofer ISE [59], the av-
erage crystalline silicon PV module efficiency in the past ten years raised approximately
by 0.4% per year. Assuming that this development will be continued [60], the average
module efficiency by 2030 is assumed to be increased from 17.2 % (2018) to 22%. Glass-
glass modules are usually selected for floating applications due to their higher resistance
to internal corrosion [55].

In terms of costs, according to Fraunhofer ISE, the price of crystalline silicon PV mod-
ules is approximately 0.2 €/Wp and for thin film slightly higher for 2020, as can be noticed
in figure 2.11 [58]. The average spot price of mono-crystalline and thin film PV modules
is approximately 0.19 €/Wp [61]. However, following the learning rates, the price of PV
modules is projected to drop even more. The projections for 2030 estimate that the price
of the c-Si modules will be in the range between 0.11-0.19 €/Wp [62].
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Figure 2.11: Price Learning Curve by Technology [58]

FLOATING STRUCTURES

Floating photovoltaic systems is a relatively new technology, and therefore, the area lacks
technology convergence on the floating structure types. Some of the most used struc-
tures are separate floats, galvanized steel frames and membranes, which are used to
provide buoyancy to rigid PV panels.

The main type of structures used in FPV systems is separate floats, made of high-
density polyethylene (HDPE), which support the modules. Secondary floats are also
added between the modules, for maintenance purposes and to prevent mutual shading.
The main advantage of this technology is the easy installation process. In addition, since
the floaters are connected between each other through bolts or pins, makes scaling up
the structure a simple procedure. On the other hand, such structures cannot withstand
strong waves and therefore, are not appropriate for offshore projects [51] [63].

A different option is to use metal pipes to support PV panels and connect the struc-
tures to pontoons, to provide buoyancy. This design is a simpler concept than the pure
floats, since pipes are more easily available in the market. However, such structures, have
several metal parts and mechanical connections, and therefore are more vulnerable to
wave forces. This structure, is also proffered for inland waters, with less powerful waves
active [63] [51].

Another type of platform is floating membranes, which provide the base for the PV
panel installation. Ocean Sun, a Norwegian company, offers a solution of such struc-
tures, where a membrane is fixed to a buoyant ring. This system has been used for fish
farm applications in Norway and it can also be used for offshore applications as well.
According to Ocean Sun, this structure has the ability to increase the energy yield due to
the direct contact of the membrane with water [51] [64].

Finally, another type of structure suitable for offshore projects was proposed in 2019
by Oceans of Energy. More specifically, they installed multiple interconnected pontoons
with solar modules mounted on top of it. This was the first offshore PV project in the
world. The installed capacity started at 8.5 kW and now it is expanded to 18 kWp, with
plans to be further expanded to 50 kWp. The platform is a big pontoon, with solar mod-
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ules installed horizontally on it. Until now, the platform managed to survive rough sea
conditions, withstanding wind speeds up to 120 km/h and waves with height up to 5 me-
ters. The system proposed by Oceans of Energy is designed to withstand waves of up to
13 meters and it is planned to reach 1 MWp of installed capacity through 2021.

All the different types of structures can be seen in figure 2.12:

Main loat supporting the PV module

Standard framed
‘Secondary flat for 80 cells PV module
mai yancy

(a) Floats from Ciel & Terre International (b) Floats and Metal frames from Scotra

C ; ;:::' )

(c) Membrane by Ocean Sun - Kyrholmen Project (d) Offshore FPV system designed and installed by
Oceans of Energy [53]

Figure 2.12: Different types of floating structure [64] [51]

FLEXIBLE SYSTEMS

In flexible systems, thin film PV technology is used and usually no support structure is
needed. This technology can easily adapt and reform with the wave motion due to the
light weight, as depicted in in figure 2.13. Thin film FPV systems are cheaper than the
ones based on rigid panels due to the fact that a pontoon or floating structure is not
always required. In addition, the direct contact with the water provides self-cooling and
self-cleaning from dust and bird droppings [65]. However, thin film PV modules have
lower efficiency than most of the rigid panels.

Thin film technology is a good option for offshore plants for several reasons. Firstly,
less maintenance is needed due to the fact that this type of system requires lees compo-
nents. In addition, in offshore projects, there are important environmental forces that
should be considered as presented in figure 2.13. In case pontoons or metal structures
are used in offshore systems, they would be highly affected from these forces. However,
thin film technology based FPV systems have less wave energy interaction, reducing the
force on the mooring system, making them are more appropriate for offshore installa-
tions. However, there are some important issues regarding this type of FPV systems, such
as the electrical safety. Since electrical equipment is usually in direct contact with water,
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Figure 2.13: Forces acting on thin film PV system [66]

it should be resistant to moisture and corrosion. In addition, another very significant
challenge for such systems, is bio-fouling [51] [67].

MOORING & ANCHORING

The mooring and anchoring systems are responsible to prevent free movement of the
floating PV and to fix it in a specific position, withstanding waves and wind loads. For
inland waters, bottom anchoring, bank anchoring and anchoring with piles are the main
techniques selected. In the offshore industry, the selection of anchors follows the proven
practices used extensively in the oil and gas industry. There are several types of an-
chors in the offshore industry, the most common of which are dead-weight anchors,
drag-embedded anchors and anchoring with piles [68]. The selection of the proper type
depends on the location and the relevant situation, such as water depth, soil conditions,
and variation on the level of the water [51].

Mooring lines are also an essential part of the anchoring system. The primary types
of mooring lines used for offshore structures, are chains, ropes and synthetic fiber ropes.
Mooring lines should be loose enough to handle stress levels and changes in water level,
but not in a level that allows extensive movement of the system [51]. The main types of
mooring systems used for offshore projects are catenary, taut and compliant mooring
systems. Taut and compliant/hybrid systems are more appropriate for offshore instal-
lations that catenary systems, since they have shorter mooring lines and require less
seafloor[69].

2.3. BATTERIES

Due to the large fluctuations of solar power, a battery can serve as an instantaneous and
daily energy buffer for storing the excess energy of the PV system. The battery bank
makes the electrolyzer input smoother and can keep the electrolyzer operating during
the night. Lead acid and lithium ion are the main types of batteries used in energy
projects. Lead acid batteries are relatively cheap compared to the other types; however,
they require regular maintenance and they also have a low depth of discharge, meaning
that they need to be charged more often [70]. Lithium-ion batteries are used in elec-
tric vehicles (EV), something that made them quickly one of the most widely used types.
They offer great advantages in comparison to lead acid, such as the lack of maintenance
needed, higher energy density (figure 2.14) and longer life cycle. The main problem of
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lithium-ion batteries is related to their cost, as they are very expensive at the moment.
However, their costs are projected to decline in the future.
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Figure 2.14: Battery comparison chart [71]

One of the most important parameters is the depth of discharge (DoD) , which shows
the level of charging/ discharging for a battery. If the battery is discharged beyond its
DoD, this may result to degradation and reduced cycle life. The DoD for lithium-ion
batteries is reported to be higher than 90%, while for lead-acid batteries is between 50
and 75 %. The round-trip efficiency of lithium-ion batteries is 90-95 % and for lead-acid
85-90%. Finally, in terms of costs, lead-acid batteries is the clear winner, as can be seen
in table 3.4 [72] [73] [74].

Table 2.3: Battery parameters [71] [75] [72] [76] [73] [74]

Lead-acid Lithium-ion
Energy density [kWh/m?] | 25-90 94-500
Capital costs [€/kWh] 170-340 200-700
DoD [%] 50-75 90-95
Efficiency [%] 85-90 90-95
Lifetime [cycles] 200-300 500-2000

2.4. FLOATING PLATFORMS

Since the project is offshore, floating platforms are necessary for most of the components
to buoy. There are many different types of floating structures available, such as spar,
semi-submersible, tension leg platform and others [77]. However, looking at the foot-
print of the electrolyzer facility, the area needed is in the scale of thousands of square
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meters, and therefore, larger structures should be used. For this purpose, a flat deck
barge is a great option (figure 2.15). Barges are mostly used for transporting goods, but
they can be used for providing buoyancy to offshore equipment as well.

(a) (b)

Figure 2.15: Stan Pontoon 9127, constructed by Damen Shipyards Group [78]

There are several barge sizes available in the market, with 300 ft barge to be the most
extensively used. The length of this barge is 91.440 m (300 ft), the moulded breadth of
27.432m (90 ft), the moulded depth of 6.096 m (20 ft), the deadweight of 9700 tons and
the deck area is about 2500 m? [79].



SYSTEM DESIGN

In this chapter, the important parameters regarding the cost and size of the different
components will be selected, based on the findings of the literature review. Overall, the
lifetime of the project is considered equal to the component with the highest lifetime,
the PV panels, and therefore, this would be 20 years. Since, not every component has 20
years of lifetime, some of them might need to be replaced, and thus, a replacement cost
should be considered as well.

3.1. FLOATING PV
3.1.1. PV MODULES

In section 2.2.3, the different kinds of PV panels were presented. Rigid panels are selected
for the project, due to their higher efficiency. According to Fraunhofer ISE [58], the lab
module efficiencies of mono-crystalline panels are up to 24.4 %. Therefore, it can be
assumed that in 2030, this could be the actual efficiency of the mono-crystalline panels.
The area of the module is considered to be 1 x 1.65m?, which corresponds to a rated
power of 403 W),. The projections for 2030 estimate that the price of the c-Si modules
will be in the range between 0.11-0.19 €/ W),. Therefore, an average price of 0.15 €/ W), is
chosen for this study [62]. The parameters of the selected PV modules are presented in
table 3.1:

Table 3.1: PV module parameters [61] [62] [59] [58] [60]

Area 1 x1.65 m?
Produle 403 Wp
Efficiency 24.4 %
Cost 0.15 €/W),

27
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3.1.2. BALANCE OF SYSTEM
The main components of a floating PV system were presented in section 2.2. The PV
modules, which were just presented in the previous section, are mounted on a floating
platform. The platform is kept in the desired place by the anchoring and mooring sys-
tem. Power electronics are used in order to regulate the voltage and current of the FPV
system. Finally, cables are used to to transfer the produced power to the electrolyzer.
Floating structures are essential for FPV systems. In chapter 2, the commercially
available floating structures for FPV systems were presented. In this research, the mem-
brane proposed by Ocean Sun is selected. This technology is the only available on a com-
mercial level and already tested in sea water environments. In addition, the PV module’s
operating temperature is decreased due to the direct contact with water, resulting in im-
proved efficiency. Finally, Ocean Sun provides extended information about this patent,
in contrast with the other manufacturers, which hide most of the information. Ocean
Sun [64] offers a structure, which consists of a thin polymer membrane attached to a
floating ring, to provide the required buoyancy to the panels. They offer two different
platform sizes, one of 75 m (650 kW) and one of 50 m (280 kW),). The first configura-
tion, includes 1944 crystalline silicon 60-cell modules, while the second one 848 [64]. For
the larger platform, this corresponds to PV modules of 334 W), each. Since, the selected
modules for this projects have a rated power of 403 W), the whole platform size would
be approximately 783 kW, As can be noticed in figure 3.1, the modules are placed flat
on the membrane, with zero tilt angle. The selected platform can be seen in figure 3.1.

(a) Platform Overview (b) Platform Components

Figure 3.1: Ocean Sun’s patented technology [64]

The cost of the balance of system for FPV is a parameter with great uncertainty. Most
investors do not usually publish the cost analysis of real projects, making the total cost
of a PV system very uncertain. This is even more ambiguous for offshore FPV systems,
which are still in a starting level. The prices of the modules are already known, but BoS
prices vary depending on the project. The main difference in investment costs between
floating PV and ground-mounted PV is in the BoS, including the floating structure, the
anchoring and mooring system, the electrical equipment and the offshore installation
costs. Since, the technology is at a very early stage, especially for offshore systems, it is
very difficult to provide detailed information about the cost analysis of the system. In
addition, unique systems should be designed for the different projects, depending also
on the location.
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Large-scale offshore floating structures are projected to have the same price as land-
based structures by 2030 [80]. The structure costs of land-based PV modules are reported
to be 0.08 €/W,, including the anchoring and mooring system [81]. Instead of an in-
verter, a DC/DC converter is used. For the DC-DC converters, it is assumed that the con-
verter cost depends on the power rating and that DC-DC converter cost learning rates
are the same to the inverters’ rates. The price of DC/DC converter is reported to be 0.08
€/W), [59]. However, in utility-scale projects the price of the inverter falls to 0.02 €/ W),
[82] and the same is assumed for the DC-DC converters. The installation costs are 0.075
€/W,, [82] for utility-scale land-based installation. Having no information about how this
costs would turn out to be in the offshore environment, an assumption was made. The
installation costs for offshore utility-scale PV systems are considered to be 20 % higher.
Finally, the electrical components of the system, according to the World Bank report [51],
cost approximately 0.11 €/ W),. Since, the system modelled in this report is not including
grid connection components and transformers, their costs should be decreased [83] [84]
and they are assumed to be 0.06 €/W,,. Overall, the BoS costs are calculated to be 0.25
€/W,.

This result is verified also by Ocean Sun [85] [64]. For this research, the membrane
proposed by Ocean Sun will be used, as already presented. After discussions with Ocean
Sun, for large scale systems (>50 MW),), the total CAPEX of the FPV System is 0.45 $/ W),
(0.378 €/ W)). More than half of the cost belongs to the PV modules. However, Ocean Sun
installations take place near-shore and in semi-sheltered waters. Therefore, the balance
of system costs will be higher for offshore environments. This is due to the higher cables
cost, the higher mooring system cost and the higher installation costs. Therefore, the
total costs for local offshore installations are reported to be around 0.55 $/W),, (0.462
€/Wp) [85]. Assuming price drops in both the PV modules and the BoS by 2030, the
overall FPV system cost is selected to be 0.4 €/ W), as can be seen in table 3.2.

Table 3.2: Costs for the OFPV system [61] [62] [59] [60] [84]

PV Module 0.15 €/W,
Structure 0.08 €/W,
DC-DC Converter 0.02 €/W,
Installation 0.09 €/Wy
BOSkiectrical 0.06 €/Wy
Total 0.4 €/W,

3.2. ELECTROLYSER SYSTEM

In section 2.1.2 the different electrolyser technologies were presented in detail. Alkaline
and PEM electrolyzers are the only technologies that are commercially mature. Alkaline
water electrolysers have lower cost than PEM, since expensive metals are not required.
However, they have lower current density, which means that larger areas are needed to
produce the same amount of hydrogen. Therefore, both technologies can be used in this
project, and therefore, each choice should be examined.
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Normally, the electrolyzer efficiency varies over the operating range of the electrol-
yser. More specifically, the efficiency is higher for partial load operation [86]. However,
for the purpose of this study, the system efficiency is assumed to be constant. The ef-
ficiency of alkaline electrolysers is assumed to be 83% for the HHV of hydrogen [42],
which corresponds to a specific power consumption for the electrolyzer of 47.6 kWh/kg
[33]. The specific electricity consumption of PEM electrolyzers is currently 52 kWh/kg
and it is expected to reach 50 kWh/kg by 2030 [37] [32] due to technology development.
Therefore, the efficiency of PEM electrolyzers is 78.8 % for the HHV of hydrogen.

The footprint of the electrolyzer is a very important parameter, especially for offshore
systems systems. An electrolyzer facility, apart from the electrolyzer units, includes the
water treatment facility, the electrical equipment, the compression units and the control
rooms and offices [28]. Assuming that converting a plant like that to offshore, means
a more compact design, less area is needed. In addition, since no conversion to DC
is needed, a significant portion of the footprint suggested in the literature can be ne-
glected. Finally, improvements on technology can also help reduce the plant footprint.
Therefore, considering 25 % decreased size and taking conservative values from the lit-
erature (0.095 m?/kW for alkaline and 0.048 m?2/kW for PEM), the footprint of alkaline is
considered equal to 0.07 m?/kW for alkaline electrolyzers and 0.035 m?/kW for PEM.

Given the fact that, in this research, the project is based on hourly data and the fact
that the cold start-up time takes place once per day, for a low irradiance period, the
start-up time is neglected. The same is considered for the ramp-up and down times of
the electrolyzer.

The lifetime of the electrolyzer is different for the stack and the rest of the plant. The
latter has a lifetime of 30 years while stacks have lifetime of about 60,000 to 90,000 hours
[19]. Since the lifetime of our project is considered 20 years, the stack replacement will
take place one time. The stack replacement cost is considered to be 30% of the invest-
ment costs, assuming further price drops in the following decade [88] [89].

The electrolyzers, are usually split into multiple stacks in parallel and therefore, the
fixed and unscheduled maintenance periods are expected to be low. The availability
of electrolyzers is reduced due to planned and unplanned maintenance. This value is
reported to be 8,585 hours, which means that 175 hours of the year the electrolyzer will
be shut down for maintenance [33]. This is also confirmed by [90], which indicates that
the planned maintenance is 5 days per year, split into 2 events, while the unscheduled
maintenance is expected to occur 4 times per year, with a duration of 14 hours.

The projections for Alkaline electrolyzer costs for multi-MW scale, are around 400
€/kW [91] [92] and 500 €/kW for PEM [36] [34] by 2030. However, according to McKinsey
& Company report for Hydrogen Council [21], states that the learning rates could be
much higher, especially if compared to the ones of solar PV and batteries. This could
decrease the electrolyzer CAPEX even more to 200 and 300 €/kW for Alkaline and PEM
respectively. The operation & maintenance cost, for large scale electrolyzers is estimated
to be 1.52% [33], with this value expected to drop further to 1% by 2030.

All the electrolyzer parameters selected can be summarized in table 3.3:



3.3. OTHER COMPONENTS 31

Table 3.3: Electrolyzer parameters [42] [29] [42] [32]

Parameter Alkaline PEM %

Efficiency (HHV) 83 78.8 %

Pressure 30 30 bar
Electricity Consumption | 47.6 50 kWh/kg
Stack Lifetime 78,000 78,000 hours
Footprint 0.075 0.035 m? /KW
Weight 0.03 0.01 kg/W

Capex 200 300 €/kW

O&M Cost 1 1 % Capex/year

3.3. OTHER COMPONENTS

3.3.1. BATTERY

In section 2.3, the possible battery types to use in the system were compared. Lithium-
ion batteries are selected due to their higher energy density and longer life cycle. The
main problem of lithium-ion batteries is related to their cost, as they are very expensive
at the moment. However, their costs are projected to decline in the future. The depth of
discharge (DoD) for lithium ion batteries is reported to be 90% [74]. The round trip effi-
ciency of lithium-ion batteries is 95 %. The lifetime of lithium ion batteries is expected
to be around 4,000 cycles or 10 years by 2030 [73] [74]. Assuming one cycle per day, this
means that the batteries need to be replaced once over the lifetime of the project. The
battery investment cost after 10 years is expected to drop by 20%, therefore the battery
replacement cost is chosen to be 80% of the capital cost. The battery parameters are
presented in table 3.4:

Table 3.4: Battery parameters [72] [76] [73] [74]

Rated Power 10 kwh

Round Trip Efficiency 95 %

Depth of Discharge 90 %

Investment Cost 100 €/kWh

O&M Cost 1 % Capex/year

The price of batteries is declining over the years, and it is expected to decline even
more until 2030. Currently the battery costs are around 200 €/kWh. However, there are
projections that the cost of lithium-ion batteries for stationary applications to be around
100 €/kWh, for MW scale applications [70] [93]. According to Bloomberg New Energy
Finance (BNEF), lithium-ion battery pack prices are expected to be close to 100 €/kWh
by 2023 and drop even further to 40 €/kWh by 2030 [72]. However, this is a very optimistic
consideration. The operation and maintenance cost of the battery system is considered
1% of the investment cost of the battery [76].
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3.3.2. COMPRESSOR

In order for hydrogen to be injected to the central network, a higher pressure of 100
bar is needed. The output pressure of the water electrolysis is considered to be 30 bars,
and therefore, a compressor is needed. To size the compressor, the rated production of
hydrogen is taken into account. The compressor is assumed to be a single stage me-
chanical compressor for simplicity. The capital cost of the compressor is assumed to be
2500 €/kW [94] and the operation and maintenance cost is considered to be 4% [42]. The
energy consumption of the compressor is calculated from equation 4.11, presented in
chapter 4. The lifetime of the compressor is 15 and therefore, it needs to be replaced
once during the lifetime of the project. A replacement cost factor of 100 % is considered
in the calculations. The compressor parameters can be seen in table 3.5:

Table 3.5: Compressor parameters [94] [42]

Investment Cost 2500 €/kW
O&M Cost 4 % Capex/year
Lifetime 15 years

Overall, all the components of the proposed hydrogen system are presented, along
with the main sizing and cost figures. In the next chapter, and in order to identify the
final size and dimensions of the system, a model needs to be designed and simulated
based on the numbers presented in this chapter.



SYSTEM MODELING

This chapter presents the modeling approach of the proposed solar-to-hydrogen system.
The components are modelled using MATLAB 2020b and Simulink software. The model
validation and verification can be found in Appendix A.

4.1. OVERVIEW OF SYSTEM CONFIGURATIONS

An overview of the hydrogen production system was presented in chapter 1. As men-
tioned in chapter 1, in the proposed systems, two parameters should be examined. The
first one is the electrolyzer technology, since both alkaline and PEM could fit in this
project. The second parameter is the potential use of batteries in the system, in order
to keep the electrolyzers operating during the night. Batteries increase the energy usage
of the hydrogen production system, by storing the excess energy during the day and us-
ing it to power the electrolyzers during the night. However, their cost is a major obstacle.
In total, 4 different systems need to be modelled (as shown in table 4.1). Two system con-
figurations are based on alkaline electrolyzers, and two on PEM electrolyzers. For each
electrolyzer technology, two systems are modelled, one including batteries, and one not.

Table 4.1: System Configurations

Electrolyzer Technology | BatteryIncluded
1 Alkaline No
2 Alkaline Yes
3 PEM No
4 PEM Yes

In order to calculate the system dimensions and cost, a control strategy should be
implemented for each system. The control strategy decides how to use the energy pro-
duction of the OFPV system. When batteries are not included, the control strategy is

33
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simpler, while in the other case it is more complicated. In terms of electrolyzer technol-
ogy, the only difference in the control strategy is the minimum operating level of each
technology. More specifically, alkaline electrolyzers cannot operate below 10% of their
maximum load, while for PEM electrolyzers, this level is considered 1%. In practice,
electrolyzers are usually split into multiple stacks in parallel. For this research, we as-
sume that the stacks have 5 MW rated capacity each. This is assumed on the basis of the
maximum nominal power per stack available on the market [19] [87]. Therefore, if the
input power is below 0.5 MW (for alkaline), the electrolyzer shuts down completely. If
the power is above 0.5 MW, the electrolyzer power can be varied by switching off stacks.
In the following paragraphs, more details on the control strategy of each system config-
urations will be elaborated.

4.1.1. CONFIGURATIONS WITHOUT BATTERIES

In this configurations, the electrolyzer is connected with the OFPV system, without the
use of any temporary storage. Power electronics are used to regulate the current and volt-
age to the operating level of the electrolyzer. More specifically, a direct current (DC-DC)
power converter and a maximum power point tracker (MPPT) are connected between
the electrolyzer and the PV modules. The main impact of the MPPT is to harvest the
maximum possible energy, while the DC-DC converter adjusts the current and voltage
from the PV modules to the electrolyzer. The electrolyzer is split into stacks, in parallel,
making it is possible to change the power consumption of the overall system by switch-
ing off individual electrolyzers. Therefore, the electrolyzer system minimum partial load
will be 10% of the single stack’s capacity. Below this point, there is no hydrogen produc-
tion.

The electricity for the reverse osmosis unit and compressor unit is provided from
the FPV system. It should be mentioned that a small number of batteries is needed for
providing power to the control systems, in order to turn on and off the electrolyzer when
there is not enough power provided. The power needed to be provided by the battery
system is modelled as 0.01 % of the rated capacity of the electrolyzer. From this moment,
to avoid confusion between the different system configurations, this configurations will
be referred as configurations without batteries, even though a small amount of batteries
will be used. The configurations without the use of battery, can be seen in figure 4.1:

FPV System DC-DE Converter Flectrolyzer Compressar

— & —-0—a

Figure 4.1: Overview of the system configuration without the use of battery system

The control strategy for the configurations without the use of battery is simple, and
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can be seen in figure 4.2. To begin with, the model reads the meteorological data, the
PV array data and the electrolyzer data. In the next step, the output power of the FPV
system is calculated. If the power output of the FPV system is higher than the maximum
capacity of all electrolyzer stacks, the excess power is dumped. The same happens also in
the case where the output power of the FPV system is lower than the minimum capacity
of a single stack. If the output power of the FPV system is between the maximum and
the minimum electrolyzer capacity, the electrolyzer uses the necessary amount of stacks
and the model calculates the amount of produced hydrogen. At this point, it is worth
highlighting that the model and the research in general, does not take into account how
the power output of the OFPV system is split in the electrolyzer stacks.

Read Metecrological Data,
PV Module Data, Pel_r,
Pel_min

I

Calculate FPV
power output
P pv

Fower to
Electrolyzer

Calculate
Hydrogen Output|

Figure 4.2: Flow chart of the control logic for the configurations without batteries

Regarding the sizing of the system, the electrolyzer capacity is sized to meet the OFPV
system capacity and therefore has the rated capacity of the OFPV system, minus the
power needed by the compressor, the batteries used for the control system and the re-
verse osmosis plant. The sizing of the system is performed under the target of producing
1 million tons of hydrogen per year. Taking the alkaline electrolyzer case as an example,
it can be seen in figure 4.3, that by decreasing the electrolyzer capacity and keeping the
FPV system capacity at the same levels, the levelized cost of hydrogen (LCOH) decreases.
In practice, this means that excess energy is dumped from the system, since no tempo-
rary storage is included. Therefore, in terms of costs, it is preferred to waste some of the
produced energy.

The Simulink model of the overall system of the configurations without batteries,
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Figure 4.3: Sizing methodology for the OFPV and electrolyzer capacities

depicted in figure 4.4.
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Figure 4.4: Total system without batteries, modelled in Simulink

4.1.2. CONFIGURATIONS WITH BATTERIES

In practice, it is preferred to run electrolyzers at a constant load, to ensure longer life-
time. Electrolyzers, as mentioned in chapter 2, require some time to turn on/off and to
increase/decrease their level of operation. Therefore, by keeping the electrolyzers open
at all times, this problem is eliminated. Batteries could potentially keep the electrolyz-
ers operating at a constant capacity all the time. In this configurations, batteries are
added and operate as an instantaneous and daily energy buffer for storing the fluctuat-
ing power output of the FPV system. The target of the battery involvement in the system,
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is to stabilize the input load of the electrolyzer and use the excess power to keep the elec-
trolyzers operating during the night. The power for the reverse osmosis facility and the
compressor facility is provided from both the FPV system and the batteries. A schematic
representation of the configurations including batteries, can be seen in figure 4.5:

N DC-DC Converter
FPV System (MPPT) Electrolyzer Compressor

2 -0 —0—al
l

Battery Pipeline
& &
Cra——

Figure 4.5: Overview of the system configuration using batteries

Ideally, by using batteries, the electrolyzers could operate at the rated capacity all the
time. However, for a large-scale system this would require an excessive amount of bat-
teries and would lead to a significantly higher cost. Therefore, the battery involvement
will be investigated only in terms of operating the electrolyzer at a stable load and at the
minimum capacity, at low irradiance levels. For this reason, different operating levels
for the electrolyzer should be determined. Five different operating points of the elec-
trolyzer are selected. It should be highlighted here, that since the target is to keep the
electrolyzer system open at all times, each stack should operate at least at the minimum
capacity and switching on and off stacks to vary the power input is not an option for this
configurations. The lowest possible operating point depends on the technology used.
More specifically, it is 10% of the rated capacity for the alkaline electrolyzer and 1% for
PEM. Therefore, the levels for the configuration based on alkaline technology are 10%,
25%, 50%, 75% and 100% and for the PEM case the levels are 1%, 25%, 50%, 75% and
100%. The electrolyzer load is defined by the output of the FPV system. When the OFPV
output power is higher than the electrolyzer rated power, the electrolyzer operates at its
maximum capacity. When the OFPV output power takes values between 75 and 100% of
the electrolyzer rated power, then the electrolyzer operates at 75% of its rated capacity.
When the OFPV system generates power between 50 and 75% of the electrolyzer peak
power, the electrolyzer runs at 50% of its capacity. In the same direction, in the case the
OFPV power output takes values between 25 and 50% of the rated power, the electrolyzer
operates at 25% of the rated capacity. Finally, when the OFPV power is less that 25% of
the electrolyzer capacity, the model checks the battery state of charge. If the battery is
charged at least by 50 % then the electrolyzer operates at its full load, while in the other
case, the electrolyzer operates at its minimum load. The electrolyzer load formation can
be summarized in figure 4.6 for the alkaline case. For the PEM case, instead of 10 %
minimum load, this value is 1%.

At this point, a control strategy should designed and implemented, deciding the mo-
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Figure 4.6: Electrolyzer load depending on the output of the FPV system, for the alkaline case.

ments the energy produced should be stored in the battery or consumed by the elec-
trolyzer. The control strategy is depicted in figure 4.7:

Read Ppv,
Fload, SoC

Discharge Charge Battery
Battery

Turnoff Dump Energy
Electrolyzer

Charge Battery
from PV power

Figure 4.7: Flow chart of the control logic of the battery

In this system configurations, energy surplus is possible to happen when the elec-
trolyzer cannot import more power, and the battery cannot store more energy. In ad-
dition, energy deficit may happen, when the FPV output is less than the minimum elec-
trolyzer load and the battery cannot provide more power. The main reason for the deficit
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and surplus is the different irradiance levels between winter and summer. A solution to
this problem could be oversizing the PV and the battery systems. However, something
like that would increase the costs significantly. The control logic of the battery system,

modelled in Simulink can be seen in figure 4.8:
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Figure 4.8: Battery control strategy model in Simulink

The sizing strategy is the same as presented in section 4.1.1, aiming for the minimum
LCOH. The Simulink model of the configurations including batteries is depicted in figure

4.9:
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Figure 4.9: Total system with batteries model in Simulink
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4.2, COMPONENT MODELLING

After the overall model was presented, the specific model of each component will be
elaborated.

4.2.1. FPV SYSTEM

For the modelling of the FPV system, meteorological data from the Photovoltaic Geo-
graphical Information System (PVGIS) database for a typical meteorological year were
used. This data were used as input for the Simulink model. The power output of PV is
calculated from the simple efficiency model [48] [95]:

Ppy =Ny x Ay x Gx 1y 4.1)

Where N, is the number of modules, A,, is the rated capacity of the module, G is
the total irradiance on the module, and 1, is the efficiency of the module. As described
earlier, the PV modules are placed flat on the membrane, and therefore, the total irradi-
ance is equal the global horizontal irradiance (GHI) on the module. The efficiency of the
module, , is calculated, taking into account the temperature correction model [48] [95]:

Nm =Nmgrc X []_+k>< (Tm_TSTC)] 4.2)

Where Tsrc is the PV cell temperature under STC (25°C), k is the temperature co-
efficient of power (for crystalline silicon modules, k is -0.0035 /°C [48]) and 71, is the
module efficiency at STC. Normally, the module efficiency is also depended on the irra-
diance level. However the effect of irradiance on the module efficiency will be neglected
on this research for simplicity, and this value will be considered constant and equal to
the PV efficiency given by PV manufacturers. Therefore, only the influence of the tem-
perature will be taken into account, as shown in equation 4.2. Several models have been
proposed for calculating the temperature of land-based PV modules. For the floating PV
case, there are some suggestions in the literature, such as the models proposed by [96]
and [97]. In this thesis, the model proposed by [97] will be used. The module tempera-
ture is therefore, calculated from:

11 =0.943 x Ty +0.0195 x G —1.528 x Vyy5e4 +0.3529 4.3)

Where Ty =5.0+0.75T, is the sea temperature, T, the ambient temperature, Vy,se, =
1.62 +1.17 x (Viyrand) and Viypang is the land wind speed. T, and Viy 4,4 data are im-
ported from Photovoltaic Geographical Information System (PVGIS) database [16]. The
two equations just presented were proposed in [97] and they are used to relate land and
sea level values, since from PV GIS database only data about land are available. The av-
erage air temperature based on the data used in this thesis is calculated 19.18 °C, and
this is validated from the Global Solar Atlas database, which provides almost the same
value (19.2 °C) for the specific location.

An important parameter that should be taken into account in the PV system analysis
is the degradation rate of the PV panels. According to the literature, 0.5% per year is the
average value and will be considered in this research [60]. The energy output used in
the LCOE calculations is affected from the degradation rate, according to the following
equation [98]:
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Ef:Ex(l—DR)” (4.4)

Where E is the energy output of the PV system, E the energy output of the first year,
without considering degradation, DR is the degradation rate and n is the lifetime of the
project.

Another important parameter is losses. There are several types of losses that should
be considered. OFPV systems face rough environmental conditions, which lead to con-
tinuous movement. This movement results in different irradiance levels on the modules
on the same string, generating different voltage and current values across connected
modules [63]. Given the lack of data in the literature, about how much is the PV output
affected by this movement, this kind of losses are neglected in this research. In addition,
soiling is also a very significant loss mechanism in OFPV systems. Soiling includes differ-
ent types of dirt on the surface of the module, such as salt stains, dust or bird droppings,
leading to partial shading of the modules [63]. These losses are considered to be 1%. Fi-
nally, the cabling losses are considered to be the same to a typical land-based PV system,
1% [99].

An overview of the FPV model can be seen in figure 4.10:

wind Speed (ms)
GHI(Wim*~2)

A Temperature (C)

Figure 4.10: Overview of the floating PV model in Simulink

DC-DC CONVERTER

A DC-DC converter is a device that changes the input voltage and current to different
levels [56]. The power output of the DC-DC converter, due to losses, differs slightly from
the power input and can be calculated from:

P, =Ppynpc-pC (4.5)

Where, P,; (W) is the power input of the electrolyzer, Ppy (W) is the power output of
the FPV module and npc-pc is the efficiency of the DC-DC converter, which in our case,
is assumed to be 99 % [59].

For each different system configuration, the total energy produced from the FPV sys-
tem, including the losses, is presented in table 4.2:

4.2.2. ELECTROLYZER MODEL
The performance of electrolyzers depends on many factors, such as voltage, current,
pressure, temperature, electrode spacing, and electrolyte concentration. However, these
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PV Output (W) ‘
Electrolyzer Input Power (W)
0.99

DC-DC Converter Efficiency

Figure 4.11: Overview of the DC-DC converter model in Simulink

Table 4.2: Energy produced from the FPV system

Alk/No Bat | Alk/Bat PEM/No Bat | PEM/Bat

Epv 53 54 59 60 TWh

factors will not be examined in this report, as the main target is to design and evalu-
ate the system as a whole and not to investigate specifically the fundamentals of water
electrolysis technologies. To calculate the hydrogen produced from the electrolyzer mi
(kg/h), the following equation is used [100]:

_ Ner X Pe

(4.6)
Enngv

mm

Where 7, is the efficiency of the electrolyzer, P, (W) is the input load of the elec-
trolyzer and Expy is the high heating value of hydrogen (Wh/kg).

0.83 Wi x

Efficiency HHV
x
Power to Electrolyzer (W)

B u%(1-0.005)710 »(1)
394 »: Hydrogen Production (kg/h)

HHY (kWh/kg) Degradation of Electrolyzer
:

kwh->Wh Hydrogen Produced (kg/h)

Figure 4.12: Overview of the electrolyzer model in Simulink

As mentioned above for the PV panels, electrolyzers also degrade over time. The
degradation rates reported in the literature are usually for continuous usage. It is not
clearly reported, what is the effect of the variable input power operation to the degra-
dation of electrolyzers. Degradation causes the specific energy consumption to increase
to produce hydrogen. The degradation rate of electrolyzers is assumed to be 0.54% per
year, according to [101]. The hydrogen output is affected from the degradation rate, ac-
cording to the following equation:

M2 f=mpge x (1-DR)" 4.7)

4.2.3. BATTERIES
The state of charge of the batteries can now be calculated in the following way:
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Eyp

SoC = (4.8)

biotal

Where, Ej, is the battery capacity at every moment, and Ej,, . , is the total battery
capacity:

Ep,,,,,=CxDoDx N (4.9)

where C is the capacity of the battery (Wh), NNV is the number of batteries in the system
and DoD is the depth of discharge of the battery. The Depth of Discharge is defined as:

DoD =S0Cax —S0Chiin (4.10)

with SoCpy, 4 the upper limit on the SoC, 0.95 in our case, and SoCy,;, the lower limit
on the SoC, 0.05 for our system.
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Figure 4.13: Overview of the battery model in Simulink

For simplicity, parameters such as the self-discharge rate and degradation rate of the
battery are neglected from this research. For each different system configuration, the
battery capacity needed is calculated as in table 4.3:

Table 4.3: Battery Capacity for the different system configurations

Alk/No Bat Alk/Bat PEM/No Bat | PEM/Bat

Battery Ca- | 4.4 52.7 4.4 40.2 GWh
pacity

4.2.4. COMPRESSOR MODEL
The energy consumption of the compressor can be calculated by [102] [103]:

TxRxZxr p2 5
Nmeomp X M x1isx (r=1) p1

Ecomp = -1) (4.11)

Where Z (=1.04) is the compressibility factor for H> , R is the universal gas constant
(8.3145 J/molx K), Tis the temperature of hydrogen when entering the compressor (293
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K), P; and P, are the compressor’s pressures (30 bar input and 100 bar output), r is the
ratio of specific heats of hydrogen (1.41), M is the molecular mass of Hj (=2.02 g/mol),
Nmcomp 18 the mechanical efficiency (98%) of the compressor and 7;; is the isentropic
efficiency of the compressor (=0.8). The required rated capacity of the compressor is
calculated by:

Pcomp = Ecomp X m (4.12)

Where i1 is the hydrogen mass flow rate through the compressor (kg/s). The model
for calculating the capacity of the compressor is depicted in figure 4.14.

A4

Hydrogen Pro (kg/hr)

"

Pressure Component

=
=
N

» »_1

Compressor Power(W)

3600 >

il
UG

A4

m
&
o
o
3

S

001 >

[t}
x
@

202 >

°
E
A4

m
m
B
=
@
a
>

Figure 4.14: Overview of the compressor subsystem in Simulink

The compressor capacity for each different system configuration, is calculated as in
table 4.4:

Table 4.4: Compressor Capacity for the different configurations

Alk/No Bat Alk/Bat PEM/No Bat | PEM/Bat

Compressor | 277 239 263 262 MW
Capacity

4.2.5. PIPELINES

The pipelines are used to transfer the generated hydrogen from the compressor to the
pipeline network. In order to calculate the cost of the pipelines, their diameter D(m)
should be calculated [42]:

p
D:2x\/ (4.13)

X V2 X pXEgpy x3.6
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The density of hydrogen p(kg/m?3) at 100 bar pressure and 293 K temperature, is
8 kg/m?) [104]. The velocity of hydrogen vy (m/s) is considered 30 m/s [105]. The
high heating value of hydrogen Eppy (kWh/kg) is 39.4 (kWh/kg). P(MW) is the capacity
needed from the pipeline, calculated based on the efficiency of the electrolyzer. The life-
time of the pipelines are 40 years [105]. Although pressure drops along the pipeline are
sensitive to the distance travelled and the flow rate of the fluid, this was not accounted
for, for simplicity.

The investment costs of the pipeline are calculated based on the discretization in-
vestment costs of natural gas pipelines [42] [106]:

1.6xD

Capexpip=278.24xe (4.14)

In this equation, extra 5% costs should be added for the conversion from natural
gas to hydrogen pipelines. However, since the pipelines will be new in this project, the
extra percentage will not be added. In addition, the operation and maintenance costs
are considered to be 1% of the capital costs.
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Figure 4.15: Overview of the pipeline cost calculation in Simulink

[}
o

The pipeline diameter for each different system configuration, is calculated as in ta-
ble 4.5:

Table 4.5: Pipeline properties for the different configurations

Alk/No Bat Alk/Bat PEM/No Bat | PEM/Bat
Diameter 0.83 0.77 0.83 0.83 m
Cost 1044 952 1044 1044 €/m

4.2.6. LEVELIZED COST OF HYDROGEN

In order to evaluate the economic feasibility of a hydrogen production system, levelized
cost of hydrogen (LCOH) should be calculated. LCOH represents how much a kilogram
of hydrogen would cost to be produced. LCOH (€/kg) can be calculated from the follow-
ing equation:

" CAPEX; x annuity; + OPEX;
H

LCOH = (4.15)
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Where CAPEX; is the capital expenditure of each component (€) and OPEX is the
annual operational expenditure of each component (€/year). The annualized CAPEX is
calculated from the annuity factor, which is calculated from:

(1+WACC);

—_— (4.16)
1+ WACC); -1

annuity=WACC x

Where WACC is the weighted average cost of capital and ¢; the lifetime of the compo-
nent. The WACC used in this research is 3%. WACC is based on the market development
of the components of the proposed hydrogen project. Usually, in technologies with low
maturity the WACC rates are 5% or 8%. However, most of the technologies used in this
project are already mature. More specifically, PV systems are active and mature for the
last 20 years. Electrolyzers are also mature and available commercially on a large scale.
The same can be said about reverse osmosis facilities, batteries and compressors. The
only part of the system that still is at a niche level in the market is the floating structures,
which are currently hardly available commercially and on a large scale. However, de-
velopment is expected in this market, with projects announced on a regular basis and a
continuously growing project pipeline. Taking into account also the background knowl-
edge from the offshore industry, it is assumed that in 10 years floating structures for off-
shore PV projects will be commercially mature. Therefore, the WACC value considered
is 3%.

All the cost factors are converted into €, with a conversion rate of 0.82 €/$. The overall
model that calculates the LCOH of the system in Simulink is depicted in figure 4.16:

—PV Power (W)
Vater (m3/h)
PelR (W) Costs_1 (€/year)|
—*|PV Panels
———*|Battery Capacity (Wh)
Total Cost_1 (€/year)

L]

Total Costs (€/year) LCOH (€/kg)

Hydrogen Production
(kg/year)

Figure 4.16: Overview of the LCOH model in Simulink



RESULTS

This chapter presents the simulation results for the different configurations of the pro-
posed hydrogen system. he final system is selected, in terms of cost and the artist’s im-
pression of the system is introduced. Finally, sensitivity analysis is performed, modifying
the different input variables to see the response of the output variables.

5.1. CONFIGURATION COMPARISON

As already presented, four different configurations were examined in this research. Sim-
ulations of the models presented in chapter 4 were executed based on the input data
presented in chapters 3 and 4. The detailed results, including graphs of all the config-
urations are presented in Appendix B. The sizing and cost results of this analysis are
presented in table 5.1.

Table 5.1: Results of the simulation for the four different configurations

Alk/No Bat | Alk/Bat PEM/No PEM/Bat
Bat
PV system 32.6 33.5 37.3 36.9 GW
Electrolyzer | 22.0 19.0 22.0 22.0 GW
Batteries 4.4 52.7 4.4 40.2 GWh
Pipeline 18.3 15.8 17.3 17.3 GW
H, Prod 1.03 1.03 1.02 1.02 m
ton/yr
Capacity 24.6 28.5 25.9 25.9 %
Factor
LCOH 1.5 2.0 1.8 2.2 €/kg

Overall, the most cost-effective solution is the one based on alkaline technology with-
out the use of batteries. Adding batteries to the system, may be more optimal in terms of

47
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energy usage and electrolyzer safe operation, but it also increases the system costs signif-
icantly. It is also worth commenting that the use of PEM electrolyzers is also increasing
the LCOH, since they are more expensive and less efficient than alkaline.

5.2. FINAL SYSTEM OVERVIEW

Therefore, the final system selected, will be based on alkaline electrolysis. The power
produced from the FPV system, is used for covering the load requirements of the elec-
trolyzer, the reverse osmosis plant and the compressor facility. Batteries will only be used
for power control systems.

5.2.1. SIZING RESULTS

All the details of the final system are presented in appendix B. Since no batteries are used
for energy buffering during the night or during low irradiance hours, the electrolyzer
will shut down at this times. Therefore, the maintenance period is assumed to be pro-
grammed during the hours that the electrolyzer is not operating and will be neglected
in this research. The same happens with start/stop times and ramping up/down losses.
Since, in this research hourly data are used, and the times mentioned are in terms of
minutes/seconds, they will be neglected as well. The hydrogen production is depicted
in figure 5.1.
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Figure 5.1: Hydrogen Production in the alkaline system configuration with no battery addition

The hydrogen output follows the irradiance form, restricted by the operating limits
of the electrolyzer. As can be seen, during the winter period, depicted in the lowest and
highest values of the horizontal axis, the hydrogen output is lower, due to the lower ir-
radiance levels. On the other hand, during the summer hours, depicted in the middle
of the horizontal axis, the hydrogen production is higher. For this hydrogen production,
32.6 GW of PV capacity are needed, to power 22 GW of alkaline electrolysis. The overall
size of the selected system, is presented in table 5.2.

From table 5.2 above, a first impression about the system size is given. It can be easily
understood, that in practice, a multi-GW scale system cannot be installed as one unit,
and therefore, it should be split to subsystems of smaller size. Current industrial green
hydrogen projects do not exceed 20 MW, but 1 GW scale is the target for the industry in
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Table 5.2: Selected System Information

Capacity Average  Daily | Area
Amount

FPV System 32.6 GW 153.9 GWh/day | 133.7 km?
Electrolyzer 22 GW 2.8 kt/day 1.54 km?
Reverse osmosis 0.008 GW 25388 m®/day -
Batteries 4.4 GWh - -
Compressor 0.28 GW 2.8 kt/day -
Pipeline 18.26 GW 2.8 kt/day -

LCOE (FPV) 0.019 €/kWh - -
Investment Cost | 21.74 x10% € - -

LCOH 1.5 €/kg - -

terms of transition from MW to GW scale [28]. Therefore, in this research, the system will
be splitinto subsystems on the basis of 1 GW electrolysis facilities. So, 22 sub-systems are
needed. Since the overall system is split into sub-systems, connecting pipelines are also
needed, in order to transfer the compressed hydrogen from each electrolyzer facility to
the main pipeline, which in turn, will lead hydrogen to the pipeline network. Following
the methodology presented in section 4.2.5, each connecting pipeline has a diameter
of 0.18 m and a cost of 369 €/m. Therefore, each sub-system will have the following
specifications:

Table 5.3: Subsystem Size

Size Capacity

PV system 1.48 GW
Electrolyzer 1 GW
Reverse osmosis 0.0004 GW
Batteries 0.2 GWh
Compressor 0.013 GW
Connecting Pipelines 0.83 GW

5.2.2. ARTIST’S IMPRESSION

Overall, the system will be split into 22 subsystems. Each subsystem consists of 2,056
Ocean Sun platforms and 2 floating barges, providing buoyancy to the electrolyzer facil-
ity, the compressors, the reverse osmosis plant and the batteries. The number of barges
is calculated based on the information provided in chapter 2 and the results presented
in table 5.3. More specifically, since a footprint of 75,000 m?, with a weight of at least
30,000 t, typical 400 ft barges are selected. A typical 400 ft barge has a deck area of 4500
m? and can buoy up to 20,000 t. Therefore, 2 barges will be used per subsystem, each
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one of which consist of 8-9 floors. Therefore, these values will be used, since no detailed
studies have been published on offshore hydrogen platforms design and construction.
The uncertainty around this issue will be examined through sensitivity analysis. When
designing a system, several aspects should be taken into account, such as safety or main-
tenance. For safety reasons, mooring and anchoring of the FPV system requires some
extra space between the platforms. In addition, since the project is offshore, pathways
for maintenance boats should be considered as well. Therefore the subsystems, need to
be split to more flexible configurations. To create the maintenance pathways, each sub-
system is formed as a hexagon, which consists of Ocean Sun platforms formed also in
hexagons for the same reasons. In the middle of each subsystems the floating barges are
placed. Each subsystem layout can be seen in figure:
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Figure 5.2: Total Subsystem Layout

Between the Ocean Sun platforms, a distance of 10 m is left for safety purposes, and
the same happens between the hexagons of platforms. The width of the main mainte-
nance pathways of each hexagon is considered 200 m to ensure that large maintenance
ships can pass through. The system is designed spread along the cost, instead of perpen-
dicular to the coast. This is to ensure as much as possible the same water depth across
the system. In terms of dimensions, the length of the system is approximately 75 km and
the width 13 km. A design of the overall system can be seen in figure 5.3:

Figure 5.3: Total System Layout
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5.2.3. COST DRIVERS

In the previous sections, the final system configuration was selected. In this section, the
cost of each component was analyzed in order to identify the main cost drivers of the
project, which can be seen in figure 5.4.
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Figure 5.4: Contribution of system components to the LCOH

The main factor influencing the cost of the project is the FPV system, which accounts
for 68 % of the project cost. The second main driving force of the project is the elec-
trolyzer, which takes 25 % of the pie. Compressor contributes at a percentage of 6 %,
while batteries, pipelines and reverse osmosis facilities account for less than 1% each.
Therefore, the effect of the FPV system and the electrolyzer in the LCOH should be ex-
amined in more detail.

5.3. SENSITIVITY ANALYSIS

In this project, each component contributes on a different level to the LCOH calcula-
tion, as just presented. To simplify the calculations, several assumptions were made in
this study, which could be a possible source of uncertainty. For this reason, a sensitivity
analysis will be performed.

5.3.1. ASSUMPTIONS

Since the thesis, is an analysis of a project aiming for 2030, information about future cost
and evolution of technologies are used, creating uncertainty. To make calculations sim-
pler, assumptions were made, for the different values used in the system analysis. The
main interest of the sensitivity is to analyse the main drivers contributing in the LCOH
calculations. In section 5.2.3, the main cost factors were found to be the OFPV system
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and the electrolyzer. Therefore, the assumptions used for the cost and size calculation of
these two components will be discussed.

EFFICIENCY OF THE PV MODULES

PV module efficiency differs among the technologies. Crystalline-silicon PV modules
are mostly used in energy projects. However, there are new technologies, such as per-
ovskites, which are currently in the lab scale, promising higher efficiencies in the next
years. In this research, the module efficiency considered is the best module efficiency in
the lab at the moment (24.4 %), with the assumption that it will be the commercial value
by 2030. However, improvements in PV technology are announced every day, with solar
cell efficiencies reaching even 27 % already. Therefore, higher efficiency values are pos-
sible to be achieved by 2030. So, the effect of greater or smaller increase in the efficiency
value must be examined. A +/- 20% change will be investigated.

CoST OF THE PV SYSTEM

Land-based PV is a commercial technology, with hundreds of GWs installed worldwide.
This is not the case for offshore floating PV projects. In addition, since this research is
planned for 2030, a lot of values might be different. The cost of the OFPV system consists
of the cost of the PV modules and the costs of the balance of system, including floating
structures, mooring lines, anchors and power electronics as well as the installation costs.
PV modules price are widely known and low risk projections were made for this value.
To begin with, the cost of the PV panels was assumed to be 0.15 €/kW. However, this
value is ambiguous, since price development cannot be projected precisely. Technology
development and reductions on the price due to increased cumulative production, may
lead in lower values. On the other hand, in case the development is not the expected,
the cost values might be higher. The case is even more complicated for the balance of
system cost, since OFPV projects are in a starting level in the market, and therefore, cost
assumptions are hardly based on real data. Overall, a 30% increase/ decrease of the se-
lected value will be investigated.

COST OF THE ELECTROLYZER

Electrolyzers’ cost is significantly high and they are one of the main obstacles in design-
ing hydrogen production systems. However, massive production might reduce the price
of the electrolyzers. For this research, the electrolyzer cost is considered to be reduced to
200 €/kW. However, this price is an estimate based on literature data and learning curves
of electrolyzers. Learning curves of other technologies, such as PV, show that this esti-
mates might be too conservative, and therefore, it should be examined what would be
the effect of a lower value. On the other hand, massive production might not drop the
electrolyzer costs as expected, and therefore, a higher cost value should also be investi-
gated. Overall, a 30% increase/ decrease of the selected value will be examined.

ELECTROLYZER FOOTPRINT

Electrolyzer footprint is an important parameter in hydrogen projects, especially off-
shore, where floating structures are needed. To determine how many floating structures
are actually needed to provide buoyancy to the electrolyzer facility, the selection was
based on assumptions based on specific data and sources. However, since such a large



5.3. SENSITIVITY ANALYSIS 53

scale system has not been designed and installed offshore, this uncertainty should be
taken into account. Therefore it will be examined, how significantly will the cost be af-
fected in the case that one floating barge will be used, or four floating barges will be
used.

WACC

The weighted average cost of capital (WACC) used in this research is 3%. This is a typical
value for renewable energy projects of mature renewable energy technologies. Since,
this project is a future project, the future WACC cannot be projected. Huge development
in PV and hydrogen technologies may drop this value even further. On the other hand,
this projections might be too optimistic for some technologies of the proposed system,
and the WACC value may not reach this level. Therefore, a sensitivity analysis needs to
be performed, to examine all the scenarios. The effect of WACC rates of 2% and 5% is
examined.

5.3.2. SENSITIVITY

In table 5.4, all the values used for the sensitivity analysis are presented. First, the se-
lected value, and then, the optimistic case, in which the value is improved in the future
and the pessimistic case, where this value will not have the expected development.

Table 5.4: Sensitivity parameters for pessimistic and optimistic values

Parameter Selected Value | Optimistic Pessimistic

PV module effi- | 24.4 29.28 (+20 %) 19.52 (-20 %) %
ciency

FPV System | 0.4 0.28 (-30 %) 0.52 (+30 %) €/Wp
Cost

Electrolyzer 200 140 (-30 %) 260 (+30 %) €/kW
Cost

Barges Needed

WACC 3 2 5 %

A cost sensitivity analysis is performed for the levelized cost of hydrogen (LCOH) by
changing key input parameters and assumptions. The sensitivity parameters are based
on an optimistic scenario and a pessimistic scenario. The main target is to identify the
main cost drivers of the project and what would be the outcome if their values will be
different in the future. In figure 5.5, the results of the sensitivity analysis are presented.

As can be noticed, the cost of the FPV system is the main driver of the project. A fur-
ther decrease in the cost by 30%, leads in 19% decrease in the LCOH. PV efficiency fol-
lows the way, since a 20% future increase in the selected value, will lead in 10% reduced
LCOH. WACC'’s contribution is also significant, since in case the rate for renewable en-
ergy projects is 5% instead of 3%, then the LCOH will be increased by 18%. Finally, the
electrolyzer cost is not affecting the LCOH significantly, since a 30% decrease, leads to
a 7% decreased LCOH, and the electrolyzer footprint, affecting the number of barges of
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Figure 5.5: Sensitivity Analysis of the different values affecting the LCOH

the system, does not have a significant change in the cost of the system, resulting in a
change of 1%.

Since FPV system cost is the main cost driver, further analysis must be performed to
identify which part influences LCOH the most. The detailed effect of the cost of the FPV
system main parts in the LCOH can be seen in figure 5.6:

0.4 0.6 0.8 1 1.2 1.4 16
Relative Change from the starting value

PV Module (€/Wp) PV BoS (€/Wp)  —@—PV Total Cost (€/Wp)
Figure 5.6: Sensitivity Analysis of the FPV system Cost

From the figure, it can be seen that the balance of system costs of the FPV system
have greater influence on the LCOH than the PV module costs. This shows that the un-
certainty around costs such as the floating structures, the mooring and anchoring sys-
tem or the power electronics, affect significantly the cost of the project.

5.4. SCENARIO ANALYSIS

After investigating the sensitivity of the main scenario, which was based on realistic data
and close to reality projections for 2030, two different scenarios will be also examined.
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The optimistic scenario, which assumes important technology progress and cost reduc-
tions, and the pessimistic scenario, which assumes that technology and economies of
scale will not have the progress assumed in the beginning. The scenarios will be based on
realistic improvements in technology and prices of the main cost drivers of the project.

For the optimistic scenario, 20% decrease in FPV and electrolyzer costs is considered,
along with 20 % increase in FPV system efficiency. Finally, the WACC is assumed to be
decreased further to 2 %. For the pessimistic scenario, the worst possible values found
in the literature, are used. The results can be seen in table 5.5:

Table 5.5: Scenario Data

Parameter Base Scenario Optimistic Sce- | Pessimistic

nario Scenario
PV efficiency 24.4 29.28 20 %
FPV Cost 0.4 0.32 0.5 €/Wp
El Cost 200 160 400 €/kW
WACC 3 2 5 %
LCOH 1.5 1.1 2.9 €/kg







DISCUSSION

Overall, an offshore hydrogen production system based on floating solar energy for the
production of 1 million tons of hydrogen was proposed and studied. Background in-
formation was provided and the system was modelled in Matlab and Simulink software.
Simulations were run for four different system configurations in order to identify the
most cost-effective solution. By comparing the different configurations, it was found
that a system based on alkaline electrolysis and without using batteries as an energy
buffer, is capable of producing hydrogen at a competitive price. In this chapter, discus-
sion about the results, the data, the assumptions used and other considerations will be
addressed.

To begin with, it should be highlighted that all the assumptions are based on present
knowledge and estimates about future developments. Therefore, values such as the PV
module efficiency, the electrolyzer efficiency or the future costs of the technologies may
vary significantly in the future. By performing a sensitivity analysis to the most con-
tributing factors, this gap was filled.

In general, batteries provide better energy usage in the system. With the batteries in-
volvement, the electrolyzers could operate at the rated capacity throughout all the year,
even in low irradiance and night hours, something meaning that much less electrolyzer
capacity is needed. More specifically, if the system operates 8760 hours per year, 5.42
GW of electrolysis are needed. Assuming a worst case scenario day of 16 consecutive
hours of no sunlight, it is calculated that approximately 105 GWh of battery capacity is
needed. This is an extreme amount of batteries since it represents almost 25 % of the
current lithium-ion battery production (455 GWh) [107], which is not even used only
for energy projects. In addition, in order to charge this amount of battery capacity, an
excessive amount of PV should also be added. Therefore, the system cost will also be
significantly higher, since batteries and PV are much more expensive than electrolyzers.
After this quick analysis, it was decided that it may not be worth to examine the battery
involvement in the system as an energy buffer and to focus on using batteries to store
excess energy and power the electrolyzers during the night.

After comparing the different system configurations, the ones including batteries
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were found to be the most expensive. Batteries operate as an energy buffer, storing the
excess energy during the day and using it to power the electrolyzers during the night.
Running the electrolyzers at constant load during all the hours of the year, would require
an extravagant amount of batteries, and therefore this strategy was not tested. Batteries
were used, in order to run the electrolyzer during the night at the minimum capacity.
This way, electrolyzer operates almost throughout all the year, and less energy is wasted
from the system. However, in terms of cost, batteries should be avoided, since their high
cost increases the LCOH significantly.

Electrolyzers usually need some time in order to open/close and to change their op-
erating levels. For alkaline electrolyzers, this can take some minutes, while for PEM some
seconds are needed [32]. In this research, hourly data was used, and therefore, such de-
lays were neglected. The same happens with the maintenance procedures of the elec-
trolyzers. Electrolyzers typically need 5 days of maintenance per year [32]. However,
since in this research, they shut down during the night, it is assumed that the mainte-
nance will be planned then.

At this point, it is worth mentioning that through optimization processes, better siz-
ing and control strategies could be identified. For instance, better ways of sizing the
PV-electrolyzer system could be found, leading to even lower total costs. However, opti-
mization was not part of this analysis and neither the target was to identify the precise
solution to the problem.

Electrolyzers need pure water to operate as indicated several times through this re-
port. For this reason a water treatment facility based on reverse osmosis is used. A wa-
ter buffer tank is needed between the reverse osmosis installation and the electrolyzers,
which was not included in the cost calculation. However, it is not expected that it would
affect the costs significantly.

The final system size is calculated to be 32.6 GW for the PV system 22 GW for the
electrolyzer. Comparing this data with maximum existing capacities, it is found that in
practice, the largest PV system in the world is 2.2 GW [108], while OFPV projects are
not even in a commercial level yet. Plus, hydrogen projects based on water electrolysis
do not currently exceed MW scale. Looking at the largest green hydrogen projects an-
nounced, most of the projects are based on both wind and solar energy, and therefore, a
safe comparison cannot be performed. However, for the HyDeal Ambition, 95 GW of PV
are required to power 67 GW of electrolyzers for producing 3.6 million tonnes of H, per
year [11]. Normalizing this values for 1 million tonnes per year, 24.4 GW of PV for 18.6
GW of electrolyzers are required. Therefore, in this study for 1 GW of electrolysis 1.48 GW
of FPV are needed, while in the HyDeal project 1.3 GW of PV are needed. Therefore, the
calculated size is comparable and similar, especially if the larger size and the different
PV layout is considered.

It is also interesting to compare the PV capacity calculated with the projected capac-
ity for 2030. More specifically it represents approximately 1% of the projected cumulative
PV capacity for 2030, which according to IRENA is 2840 GW [109].

The economic results found in this research, show that it is possible to produce hy-
drogen in the selected location by 2030, for 1.5 €/kg. This price is in the same range
with the grey hydrogen production costs, which is 1-2 €/kg, depending on the fossil fuels
price [6]. Irena states that adding carbon capture technologies to fossil fuel based pro-
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duction, increases the cost to 1.5-2.5 €/kg [9]. In the same report it is stated, that by 2030,
average hydrogen cost from solar energy will be around 2.5-3 €/kg. Bloomberg New En-
ergy Finance states that with an increase in production of electrolyzers, the hydrogen
production costs could drop to 1.2 - 2.5 €/kg by 2030 [10] [110].

This price can be compared with several studies/projects announced. To begin with,
HyDeal Ambition project aims for 1.50 €/kg for 2030 [11], a result close to the one cal-
culated in this research. An interesting comparison could be with hydrogen produced
by wind and solar systems in North Africa, where electricity costs are much lower than
Europe, at sites with good solar and wind resources. The hydrogen production costs in
North Africa are expected to be around 1 €/kg by 2030 [111]. In Europe, however, where
energy production costs are higher, the hydrogen production costs are expected to be
around 1.5-2 €/kg [111]. The LCOH calculated in this research is in the range projected
for the European zone, and higher than the one projected for Africa, which is reasonable
based on the more favourable solar irradiation condition in Africa than Europe.







CONCLUSION &
RECOMMENDATIONS

7.1. CONCLUSION

The goal of this research was to evaluate the techno-economic feasibility of a Power to
Gas system based on floating solar energy for green hydrogen production, located in
Greece. At first, a literature study was performed in order to examine the current green
hydrogen projects and identify background information on hydrogen production sys-
tems and FPV technologies. From the information collected about the different compo-
nents of the system, sizing and cost details were determined for each one of the compo-
nents. Afterwards, a model was designed in Matlab and Simulink software including siz-
ing of all the components and calculation of the LCOH. To summarize, the sub-questions
addressed in the introduction of the report, will be answered, leading the way to answer-
ing the main research question:

1. What are the main system components of an offshore solar to hydrogen system?

The hydrogen production is based on water electrolysis. The power is supplied
from an offshore floating photovoltaic system. Due to the intermittent power out-
put of the PV system and given the fact that water electrolyzers are preferred to
run on a steady power supply, batteries can be used. The electrolyzer unit requires
pure water to operate and therefore, a water treatment unit based on reverse o0s-
mosis is needed. The produced hydrogen will be injected into the hydrogen net-
work. To do so, the hydrogen should be pressurized to 100 bars. Therefore, a com-
pressor facility to increase the pressure from the electrolyzer output to 100 bars is
needed. Finally, pipelines are used in order to transfer the compressed hydrogen
to the main pipeline grid.

2. What are the main challenges for the technical and financial feasibility of the
proposed hydrogen system?
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To answer this question, a literature study was performed. In the literature, there
are no such existing projects yet. This is mostly due to the niche level of the OFPV
technology and the high capital costs of electrolyzers at the moment. Therefore, a
lot of information were based on assumptions for the technological and cost de-
velopments projected for the future, something that creates a lot of uncertainty
around the project. The main challenges that came out from the literature are
both technical and cost related. From the technical side, offshore environment
proposes several environmental challenges such as strong winds and deep waters.
Therefore, floating structures able to withstand extreme environmental conditions
should be selected. Currently, there are no commercial projects including OFPV.
Therefore, the system was mostly designed based on information and assump-
tions of inland floating and land-based PV systems. Regarding the electrolyzers,
the fact that they operate with constant load input, makes a temporary energy
storage addition such as batteries, a reasonable consideration. From a technol-
ogy perspective, alkaline and PEM are the two commercially available electrolyzer
technologies. Alkaline have better efficiency and lower cost, while PEM have more
compact design, which is more useful in offshore projects. In terms of cost, since
the project is designed for 2030, there many uncertainties. PV module’s cost is
declining continuously and is expected to decline even more as the production
is increasing. However, the landscape on the balance of system costs for the FPV
system is not clear, since there are no relevant projects in the literature. On the
electrolyzer part, currently projects do not exceed MW scale, and therefore, infor-
mation on economies of scale effect on the electrolyzer prices are not available.

. What is the proper way to model the proposed hydrogen system?

This question was answered in section 4. A model was created using Matlab and
Simulink software. The model starts with the power calculation of the FPV system.
Then, it decides how the power is distributed through the system, based on the
control strategy designed and implemented. Then the hydrogen production for
one year is calculated. Finally, the total costs (€/yr) are calculated based on the
capex, the operation and maintenance costs of each components and the WACC.
From this values, the LCOH (€/kg) of the proposed system is calculated.

. What is the most cost-effective system configuration?

After modeling the different system configurations and running the simulations
on Matlab and Simulink, the results presented on table 7.1 are calculated. From
this, it can be concluded that the most cost-effective configuration is the one based
on alkaline electrolyzer technology without the use of batteries as an energy buffer.

Table 7.1: LCOH of the four different configurations

Alkaline & | Alkaline & | PEM & No | PEM & Bat-
No Battery Battery Battery tery
LCOH (€/kg) 1.5 2.0 1.8 2.2

An overview of the final system can be seen in figure 7.1:




7.1. CONCLUSION 63
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(MPPT) Electrolyzer Compressor

Figure 7.1: Overview of the final system configuration

5. What is the economic feasibility of the proposed system to produce one million
ton of hydrogen in an area north to Crete?

The results for the final system configuration proved that it is feasible to produce 1
million tons of hydrogen per year based on offshore floating solar energy, north to
Crete island in Greece, with a cost of 1.5 €/kg, in 2030. This result is comparable to
announced projects for the same year and also to blue hydrogen production costs.

6. What are the main cost drivers to reduce the overall LCOH of the system?

The main cost drivers of the project are the OFPV system, contributing at 68%
of the total LCOH, and the electrolyzer, accounting for 25% of the LCOH. Going
through one more level of detail, the main factors influencing the cost of the sys-
tem are the cost of the FPV system, the PV module efficiency and the electrolyzer
cost. More specifically, if the FPV system cost is reduced by 30% from the consid-
ered value, the LCOH can drop by 19%. If the PV module efficiency increases by
20% from the considered value, the LCOH can drop by 10%. Finally, If the elec-
trolyzer cost drops by 30%, the LCOH can be reduced by 7%.

Finally, the main research question was answered:

What is the cost of producing 1 million tons of hydrogen per year from floating
solar energy, in an area north of Crete?

This study concludes that a hydrogen production system based on offshore floating
solar energy, located north to Crete, in the Aegean Sea, can produce green hydrogen at
the competitive price of 1.5 €/kg. The most cost-efficient system layout includes alka-
line electrolyzers and does not use batteries as an energy buffer. For the FPV system,
the membrane proposed by the Ocean Sun was selected as a floating structure, due to
the technology readiness level, compared to other technologies. The rest of the system
includes reverse osmosis facilities for highly pure water, compressors for increasing the
pressure of the produced hydrogen and pipelines for the hydrogen injection into the Eu-
ropean pipeline network. It should be mentioned that a small amount of batteries is
used to keep the control systems open during the low irradiance and night hours. Fi-
nally, floating barges are used to provide buoyancy to the electrolyzers, the compressors,
the reverse osmosis facilities and the batteries. Regarding the cost analysis, OFPV system
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price has the largest influence on the LCOH. Overall, from this research it is clear that the
proposed hydrogen production system can produce cost-competitive green hydrogen.

7.2. FUTURE RESEARCH RECOMMENDATIONS

The following recommendations for future research are proposed. To begin with, this
study was one of the few available in the green hydrogen production field based on float-
ing solar energy, and the first full research based on offshore floating solar for offshore
hydrogen production. Therefore, one can easily understand that for many parts of this
research, a more general level of detail was used, since the target was to give a first im-
pression of how much such a system costs, and not examine it in detail. Some possible
recommendations for future research are:

* Using a different model for the FPV system power output calculation. In this study,
the simple efficiency model was used, taking into account the temperature effect
on the efficiency. However, there are other models existing, which provide higher
level of detail on the power output calculation.

* Examining the electrolyzer efficiency, which was considered constant, in more de-
tail. In practice, the electrolyzer efficiency varies depending on the input load.
Therefore, for future research, it might be worth investigating in more detail, what
would be the effect of the electrolyzer variable efficiency based on partial load op-
eration in the hydrogen production process.

* Optimization of the system sizing. As commented in various sections across this
thesis, the sizing was done manually, based on the LCOH results. However, there
might be a more optimal way of component sizing, that could possibly result in
decreased costs. Therefore, by using optimization techniques, even reduced costs
might be found.
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APPENDIX

In this chapter, the model presented in chapter 4 will be verified. In general the model
does not include complicated equations. Most of the equations are simple and therefore,
the possibility of error is small. Before running the simulation of the model presented
in chapter 4, with the final inputs, verification and validation of the model needs to be
performed. In this chapter, it will be shown that the model designed in Matlab/Simulink
software represents the equations introduced and analysed.

Normally, a model validation process should be performed as well. Model validation
shows if the model can support what it stands for. Therefore, validation is about check-
ing if equations, assumptions, figures and main theories are correctly used. However, the
limited access to historical data relevant to this project, make the model validation diffi-
cult, if not impossible. In general, since the project studied in this research is a 2030 case
and no similar studies or projects has been already performed, there are no available
data to validate the model.

Therefore, only model verification will be shown, which consists of proving that the
model outcome is the one supposed to be when designed. In simpler words, the target is
to show that the model results/ figures are the same with the numbers calculated manu-
ally on the paper. The model that calculates the FPV system power output, the hydrogen
production and the energy consumption of the compressor and the reverse osmosis fa-
cilities will be verified.

To begin with the verification process and starting from the FPV system power output
check, comparison is performed between the power output of the floating PV model
result and calculations made on paper. More specifically, by setting 3 different random
hours through the year, hour 687, hour 3967 and hour 6750, tests were made to verify
that the model calculated the results as it should. All the results can be seen in table A.1.
As can be see, the model calculates the results correctly, without any errors.

Apart from the number comparison, a graph behavior comparison was performed
as well. The FPV power output (figure A.1), should have exactly the same form as the
irradiance plot, presented in figure 1.6. By changing only the irradiance levels, it can be
seen how the FPV system output varies. At first, it can be noticed, that for zero irradiance
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Table A.1: Model Verification
Value Model Paper1 | Model Paper 2 | Model Paper 3
1 2 3

GHI 64 709 302 W/m?
Wind 10.28 - 2.06 - 1.54 - m/s
speed
Air Tem- | 12.82 - 20.84 - 21.80 - °cC
perature
FPV Out- | 15.62 15.62 171.50 171.50 73.69 73.69 w
put
Hydrogen | 318.2 318.2 349.4 349.4 171.4 171.4 tons
Output
RO Con- | 0.98 0.98 10.77 10.77 4.63 4.63 MwW
sumption
Compressor 0.028 0.028 0.25 0.25 0.11 0.11 GwW
Con-
sumption
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Figure A.1: FPV Power Output depending on the different irradiance levels
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Furthermore, the hydrogen output should be proportionate to the FPV power output
(for the configurations which do not use batteries) and therefore, to the irradiance of the
selected location, limited by the capacity of the electrolyzer. In figure A.2, the hydrogen
output for different irradiance levels is depicted, considering once again constant air
temperature and wind speed values.
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Figure A.2: Hydrogen Output for the configurations without batteries depending on the different irradiance
levels.

From noticing figures A.1, A.2 it can be concluded that the model that calculates the
FPV system power output and the hydrogen output operates as it was designed to, since
the shape of the hydrogen output graphs are proportionate to the FPV system power
output graphs which, in turn, are proportionate to the irradiance graphs.

The battery model is playing a crucial role in the final system selection and therefore
it also needs to be verified. The results of the verification are presented in table A.2.

Table A.2: Verification of the battery model

Value Modell | Paper1l | Model2 | Paper2

PV Power 7500 - 0 - w
Load 0 - 7500 - w
Power 7600 7600 7895 7895 w
to/from

Battery

State of | 91.12 91.12 10.92 10.92 %
Charge

To do so, two set of input data were put in the Simulink model, one for charging and
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one for discharging. The simulations run for 1 hour and the battery capacity is consid-
ered to be 10 kWh. The first set of values correspond to 7.5 kW for PV power, 0 W for
load and the starting level of charge of the battery is 20%. Taking into account the charg-
ing efficiency (95%), the final charging level of battery is expected to be slightly below
100%. For the second set of values, 0 W is considered for the PV power and 7.5 kW for
the load, while the starting level of charge of the battery is 95%. Therefore, the final state
of charge after 1 hour is expected to be slightly higher than 5%. All the calculations were
performed both in Simulink and on paper for the verification process.
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B.1. MODEL RESULTS

In total, four different system configurations were modelled and simulations were run
for them. From the simulations, graphs were plotted to give insights on how the systems
operate.

B.1.1. CONFIGURATIONS WITHOUT BATTERIES

In this system configurations, the power produced by the OFPV system is directly fed
into the electrolyzer. To ensure optimal energy usage, power electronics are included.
More specifically, DC-DC converters and maximum power point trackers (MPPT) are
included in the system, as already explained in chapter 4. For this configurations, FPV
system output is the only power source in the system. Therefore, all the energy generated
power by the FPV system is used to produce hydrogen, including the energy provided for
the the other facilities, such as the reverse osmosis plant, the compressor and the con-
trol systems, buffered by a small amount of batteries. The hydrogen production in the
system is limited by the electrolyzer minimum and maximum capacity. If the output of
the FPV system is higher than the electrolyzer rated capacity, or lower than the minimum
capacity, then the extra power cannot be used for hydrogen production and is dumped.

ALKALINE ELECTROLYZER WITHOUT THE USE OF BATTERIES

In this system, the capacity of the OFPV system is calculated to be 32.6 GW. The output
power of the FPV system (vertical axis) depending on the hours of the year, starting from
January, is depicted in figure B.1. As can be seen in the figure, during the summer hours,
the power output is the highest. The opposite can be seen about the winter hours, where
the irradiance is significantly lower.

All the power produced by the FPV system is fed into the electrolyzer and the other fa-
cilities, after passing through the DC-DC converters. The rated power of the FPV system
is calculated to be 22 GW. The load of the electrolyzer is restricted by the two operat-
ing limits of the electrolyzers. The upper limit is the rated capacity of the electrolyzer
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Figure B.1: FPV system power output in the alkaline system configuration with no battery addition

(22 GW) and the lower limit is the minimum power load of a single stack, which is 10%
for alkaline electrolyzers. Considering that a single stack has a rated capacity of 5 MW,
for OFPV power output less than 500 kW, the electrolyzer is shut down. The load of the
electrolyzer is depicted in figure B.2:
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Figure B.2: Electrolyzer load in the alkaline system configuration with no battery addition

In general, as explained in chapter 4, sizing of the system is based on matching the
FPV power output with the electrolyzer input. However, by varying the PV and elec-
trolyzer capacity, it was found that it might be more cost-effective to size the PV system
higher than the electrolyzer, and therefore, dump some power. All the power higher than
the maximum and lower than the minimum load of the electrolyzer is wasted. Over-
all, this amount of energy represents the 6.3% of the total energy produced by the FPV
system. Increasing the size of the electrolyzer to avoid wasting energy, leads to an over-
sized system, with increased LCOH of about 7% and therefore, it is preferred to waste
this amount of energy.

The hydrogen production, depicted in B.3, is directly proportional to the electrolyzer
load. The total annual hydrogen production for this configuration, was calculated to
be 1.03 millions tons. The capacity factor of the electrolyzer is calculated by dividing
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the actual hydrogen production through the year, with the hydrogen production, if the
electrolyzer run at the rated capacity. For this case, the capacity factor is 24.6%. Another
interesting number is the hours in which the electrolyzer operates at full load through
the year. For this configuration, the electrolyzer runs at its rated capacity for 822 hours
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Figure B.3: Hydrogen Production in the alkaline system configuration with no battery addition

In table B.1, the information about the alkaline configuration without batteries are
presented.

Table B.1: Results of the simulation for the configuration based on alkaline electrolysis without batteries

PV system | Electrolyzer | Batteries Capacity Hours Op- | LCOH

[GW] [GW] [GWh] Factor [%] erating at | [€/kg]
Full Load

32.6 22 4.4 24.6 822 1.5

PEM ELECETROLYZER WITHOUT THE USE OF BATTERIES
In this system, the rated capacity of the PV system is 37.3 GW. The output power of the
FPV system is depicted in figure B.4.

Like in the alkaline case, the FPV power output has the shape expected, including
peaks during the summer hours and smaller peaks during the winter hours. Once again
here, the FPV power output is depicted before losses are taken into account. The load
of the electrolyzer is depicted in figure B.5. The maximum electrolyzer capacity is 22
GW. For the lower case, PEM electrolyzer support flexible operation better than alkaline
and the minimum load can reach even 0%. All the generated power that is higher than
the maximum capacity and lower than the minimum capacity is wasted. Overall, this
amount of energy represents the 9.4% of the total energy produced by the FPV system.
This amount is higher than the respective alkaline case, due to the higher capacity of the
FPV system.

For this system, the capacity factor is 25.9%, a number almost equal to the alkaline
case, which is reasonable since the same electrolyzer capacity was used. The hours in
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In table B.2, the information about the PEM configuration without batteries are pre-
sented. The LCOH for this case is higher than the alkaline one, due to the higher costs of
the PEM electrolyzers compared to alkaline, and the extra PV power needed.

Table B.2: Results of the simulation for the configuration based on PEM electrolysis without batteries

PV system | Electrolyzer | Batteries Capacity Hours Op- | LCOH

[GW] [GW] [GWh] Factor [%] erating at | [€/kg]
Full Load

37.3 22 4.4 25.9 1088 1.8

B.1.2. CONFIGURATIONS WITH BATTERIES

In chapter 4, the control strategy of the battery configurations was presented. This strat-
egy modifies the load setting of the electrolyzer. Electrolyzers are preferred to operate
with a constant power supply, which does not mean that they cannot operate otherwise.
To be able to provide this constant power to the electrolyzer, batteries are used. Batteries
also help utilize the generated energy in a more optimal way. It should be mentioned
again at this point, that battery addition to the system intends to keep it open during the
night, stabilize the electrolyzer input load, and in general, ensure a better and smoother
operation of the electrolyzer.

ALKALINE ELECETROLYZER WITH THE USE OF BATTERIES

Alkaline electrolyzers, in order to operate throughout all the year, need to operate at least
at 10% of the rated power. Therefore, a significant amount of batteries is expected to be
used. The rated capacity of the FPV system is calculated to be 33.5 GW. It is higher than
the one in the no battery configuration, and this is due to the lower electrolyzer capacity
and the battery effect. The output power of the FPV system is depicted in figure B.7.

Figure B.7: FPV System Power Output in the alkaline system configuration with batteries
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The electrolyzer capacity, in this system, is calculated to be 19 GW, which is lower
than the no battery configuration due to the use of batteries. As can be seen in figure
B.8, the electrolyzer input power is split in five load levels, with the lowest level to be 10%
of the rated capacity. The target is that by using a battery system, the alkaline electrolyzer
can operate during all the hours of the year. The generated power is distributed to the
electrolyzer and the battery, following the algorithm specified in chapter 4, that defines
the power control strategy. By keeping the electrolyzer operating at 10% of its capacity,
the electrolyzer does not have to turn off even at the night hours.
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Figure B.8: Electrolyzer load in the alkaline system configuration with batteries

Similar to the electrolyzer, the battery has also operating boundaries. The lower limit
for lithium ion batteries is 5% and the higher is 95 %. After crossing these boundaries, the
battery stops charging or discharging. The battery state of charge can be seen in figure
B.9. During the winter hours, the battery is not optimally used, due to the low irradiance
levels, that do not allow excess power to be generated by the PV modules.
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Figure B.9: Battery state of charge (SoC) in the alkaline system configuration with batteries

On the contrary, during summer hours, the battery cannot store all the generated en-
ergy and the system is forced to dump the excess energy. The battery capacity needed is
52.65 GWh, a high number for a singe system. It is a reasonable number since the system
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is intending for large-scale, however, it is almost half of the current global lithium-ion
battery production.

The hydrogen production is depicted in figure B.10. For this case, the capacity fac-
tor is 28.5%, which is higher than the system without the use of batteries and that is
totally justified due to the better energy usage with the use of batteries. The full load
hours here, are increased from the no battery configuration and equal to 1204, due to
the control strategy which depending on the charging limits of the battery, may allow
the electrolyzer to operate at its maximum load.
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Figure B.10: Hydrogen Production in the alkaline system configuration with batteries

As can be seen in the figure, there are times of energy surplus and deficit in the sys-
tem. The former one, happens when the electrolyzer already operates at maximum ca-
pacity and batteries are fully charged. Opposite to that, energy deficit takes place in
the system when the FPV power is lower than the minimum operating capacity of the
electrolyzer system, and the energy in the battery system is not sufficient to ensure the
operation of the electrolyzer. The reason for this energy mismatch is the significant dif-
ference in the irradiance levels between the seasons of the year, summer and winter.
Including more PV modules and batteries can provide the solution, but it will lead to an
oversized system, with LCOH reaching 2.9 (€/kg). In general, based on equation 4.6, if
running the electrolyzer at rated capacity for all the hours of the year, 5.41 GW of elec-
trolysis are needed. However, this is not possible in practice, since large amounts of PV
and batteries are needed. The hydrogen production of this system, is 1.03 million tons
per year. In total, 3.1 % of the energy is dumped in this configuration, decreased from
the previous ones, because of the battery use. In table B.3, the information about the
alkaline configuration with batteries are presented :

Table B.3: Results of the simulation for the configuration based on alkaline electrolysis with batteries

PV system | Electrolyzer | Batteries Capacity Full Load | LCOH
[GW] [GW] [GWh] Factor [%] Hours [€/kg]
335 19 52.7 28.5 1204 2.0
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%1010

The capacity of the FPV system is 36.9 GW. The output power of the FPV system is de-

PEM ELECETROLYZER WITH THE USE OF BATTERIES
picted in figure B.11:
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Figure B.11: FPV System Power Output in the alkaline system configuration with batteries
Once again, for the configurations including batteries, different levels are set for the
electrolyzer operation. The difference with the alkaline case, is the lower possible limit,
which in the PEM case is considered 1 %, as can be seen in figure B.12. The rated capacity

of the electrolyzer facility is 22 GW. In this system, 7.4% of the power is dumped.
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Figure B.12: Electrolyzer load in the PEM system configuration with batteries

In this configuration, much less battery power is needed, due to the different level
of minimum operation of the electrolyzer. The battery capacity needed is 44 Gwh. The

battery state of charge can be seen in figure B.13:
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Figure B.13: Battery state of charge (SoC) in the alkaline system configuration with batteries

In this configuration, as can be noticed in in figure B.14, there are no moments of
deficit and the system operated during all the year. For this case, the capacity factor is
25.9%, while the full load hours here, are increased from the no battery configuration
and equal to 1373, due to the control strategy which depending on the charging limits of
the battery, may allow the electrolyzer to operate at its maximum load.
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Figure B.14: Hydrogen Production in the alkaline system configuration with batteries

In table B.4, the information about the PEM configuration with batteries are pre-
sented. The LCOH for this case is higher than the PEM configuration without the batter-
ies, due to the high costs of the battery systems.

Table B.4: Results of the simulation for the configuration based on PEM electrolysis with batteries

PV system | Electrolyzer | Batteries Capacity Full Load | LCOH
[GW] ([GW] [GWh] Factor %] Hours [€/kg]

36.9 22 40.2 259 1373 2.2
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