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Abstract

This master’s thesis explores the potential of integrating floating wind power
into Power-to-X (P2X) megaprojects, with a focus on maximizing the output
of chemical energy carriers through optimal energy mix strategies. The study
evaluates the economic viability and technological efficiency of combining float-
ing wind turbines with photovoltaic panels and battery energy storage systems
(BESS) in off-grid settings for a P2X project. Using the Port Nolloth area in
South Africa as a case study, a comprehensive simulation model was developed to
assess site—speciﬁc conditions and perform techno-economic optimization. The
research identifies key cost drivers and optimal component ratios, and provides a
scalable tool for the analysis of the P2X system applicable to various global loca-
tions. The findings contribute to the advance of the green transition by offering
a sustainable and economically feasible solution for large-scale renewable energy
projects, 1eading to the conclusion that according to our case study, ﬂoating wind

turbines play a key role in P2X applications.

Keywords: Floating wind power, Power-to-X (P2X), Renewable energy, Techno-economic op-
timization, Photovoltaics (PV), Battery Energy Storage System (BESS), Energy storage, Off-
grid energy systems, Green Hydrogen, Green Ammonia, Electrolyzer, Levelized cost of electricity
(LCOE), Green transition, Simulation modelling, Renewable energy economics, Port Nolloth case
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AC  Alternating Current

Al Alkaline Electrolyzer

BESS  Battery Energy Storage System
CAPEX  Capital Expenditures
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P2X  Power-to-X

PEM  Proton Exchange Membrane Electrolyser
PID  Proportional Integral Derivative

PV Photovoltaic panel

R&D  Research and Development

SOEC  High Temperature Solid Oxide Electrolyser
SoC  State of charge

SPP  Solar Power Plant

TRL  Technology readiness level

WPP  Wind Power Plant
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Chapter 1

Introduction

As aresult of the climate crisis, the world is undergoing an extensive energy transition, where
renewable energy is on the rise to replace existing fossil fuel-driven electricity production,
enabling industries to electrify through expansion of energy production. In this transition,
wind power plays an important role. Throughout the last decade, offshore wind power has
been on the rise in northern Europe due to good wind conditions, water depth, and scaling
possibilities. However, looking at the glosses,wind atlas, and the global sea depth map, mul-
tiple locations can be seen with great wind conditions where the coasts are too deep to use
conventional fixed offshore wind turbine technology. The only possibility in mulciple loca-
tions of ideal wind conditions is therefore floating wind power, with its huge potential to
extend the possibilities for offshore wind power for the rest of the world. The photovoltaic
industry has also seen significant development during the last decade, with increasing pro-
duction, lower manufacturing costs, and technological advancements. This has been made
possible due to several factors, including advancements in R& D, policies stimulating mar-
ket growth, and scale economies, which have made prices signiﬁcantly decline to become the
cheapest electricity generation technology. [1]

As mentioned above, an effective way to decarbonize major parts of polluting sectors such
as industry and transport is through electrification with electricity supplied by renewable
energy. However, some sectors are hard to electrify completely, such as shipping, mining and
fertilizer production, so an alternative for them to phase out their fossil fuel dependency
is to transition to green hydrogen—based fuels that are produced from renewable electricity.
Furthermore, regions where renewable electricity production is either too expensive or not
possible due to space restrictions will depend on importing green energy, just as they are
dependent on importing fossil fuels today. This green energy would then have to come from
a Power-to-X (P2X) project, where sustainable energy from solar and wind production is
converted to a suitable chemical energy carrier (such as Hydrogen or Ammonia) and furcher
exported or used in local industries. These P2X projects are huge investments and have to be
located in attractive locations to be competitive in the global market in the aspects of energy
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1. INTRODUCTION

yield, logistics, ete. To be more competitive, the project outline should also be carefully
balanced with respect to the ratio of solar power, wind power, and battery storage technology
to supply maximum production, creating the optimal composition from an economical point
of view.

This Master’s thesis was made in collaboration with Hexicon AB. Hexicon is a Swedish com-
pany in floating offshore wind industry. Apart from technology development, the company
is also a big project developer for offshore wind in general and floating wind in particular.
These are competences that give them a unique position on the market, which makes them
excellent supervisors for our project.

1.1 Objectives

In this Masters thesis, we want to:

« Investigate the potential for floating wind in off grid P2X megaprojects aimed at max-
imizing chemical energy carrier output, chosen by its market viability by determining
the most cost-effective mix of installed capacity for the main four system components
of Electrolyzer/Haber-Bosch unit, BESS, Photovoltaics, and Wind Power at a selected
case study site.

« Analyze the economical output and identifying the main cost drivers of the case study
P2X project.

« Develop a general scaleable tool for P2X system analysis independent of the selected
location.

1.2 Method Overview

To fulfill the research objectives, an overall method consisting of several steps is used. In
addition, a case study of a potential location for a P2X project is presented in the back-
ground in chapter 2 to apply real-life conditions to the system. In this project, the chosen
location for the case study is Port Nolloth, South Africa. This choice of location is based on
local regional plans in combination with Hexicons site identification work, both presented
in Section The method starts with an extensive literature study in Chaprer 3, to identify
the main components of a P2X system and their functions. To then be able to dimension
the system properly and validate that the system works, a power simulation model is builc
in the OpenModelica simulation software, where the inputs to the system come from site-
specific conditions from the Port Nolloth area in South Africa which is presented in Chapter
4. Lastly, a techno-economic optimization method is used in order to ultimately give the op-
timal dimensioning and ratio between the components. However, the simulation model is
built as general as possible, with the future goal of being applied as a tool to identify the P2X
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1.3 DELIMITATIONS

potential for other locations. These different steps in the overall method are described in
more detail in the Methodology chapter 3.

1.3 Delimitations

The main delimitation of this master’s thesis is that the model is designed excluding grid
connection, seen as an island node, which has an effect on the system where no electricity
can be imported or exported.

This master’s thesis is an attempt to make a very complex system of hundreds of compo-
nents, more simplified to have an idea about the outcome of a P2X project for a specific
location. The project is therefore restricted by the delimitations stated in the methodology,
which takes into consideration both simulation and practical concerns, as well as economical
optimization.

1.4 Disposition

As the model built in this report needs to be applicable for different cases, the background,
literature study, and methodology are written independently of the case chosen. The method-
ology is then applied to the case study to present the resules and discuss its outcome and how
it can be applied for other case studies.

15
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Chapter 2

Background

In this chapter, the idea is to give a background to the area of Power-to-X (P2X), including
a theory of the concept, applicable usage areas for P2X products, and a brief overview of
the furure market potentia] for these products. The Chapter ends with the identification of
suitable locations for these types of project, including site selection work from two different

sources.

2.1 The Concept of Power-to-X

Power-to-X (P2X) describes the idea of a renewable electricity generation system, which is
transformed to other energy carriers and stored for later use in its most suitable applications.
The idea behind the concept is that the "X" can be substituted to a chosen energy carrier,
such as hydrogen, ammonia, methanol, or other fuels produced from renewable sources, to
sustainab]y decarbonize today’s society, where a clear majority of the energy usage originates
from fossil fuels. A P2X system has the potential to produce energy derivatives to effectively
phase out fossil fuels. [2]

2.2 Production Locations for P2X

There exist multiple interesting locations which are suitable for P2X production. For exam-
ple, Africa offers multiple possibilities in desert regions. The South African and Namibian
coasts have great wind and solar potential and a need for development. Morocco offers fa-
vorable pipeline possibilities, benefiting from its strategic position and strong diplomatic
relations. Australia stands out with its vast land mass, renewable energy resources and stable

17



2. BACKGROUND

economy, making it an attractive destination for P2X ventures despite its remote locations.
Saudi Arabia has significant space and energy potential, particularly in solar power, improv-
ing its suitability for green hydrogen production through P2X processes and facilitating ex-
ports to global markets. Meanwhile, Chile presents exclusive opportunities for wind-based
P2X production, leveraging its exceptional wind resources and commitment to renewable
energy. These countries collectively contribute to the global expansion of sustainable energy
solutions.

2.3 Consumption of Hydrogen Derivative

Hydrogen derivatives are anticipated to be used over a longer time frame in nearby industries
for these P2X projects, where hydrogen products have essential applications. This potential
usage could draw industries to the area due to the cost-effectiveness of hydrogen products.
Moreover, understanding global energy usage is crucial for comprehending its various appli-
cations and price volatility.

Metal Production

Hydrogen can be used as an oxidizing agent, as a recycled heat supply, or converted back
to electricity by using a fuel cell. Today, the metal production industry, is accountable for
around 10 percent of the world carbon dioxide emissions, where steel has the main impact.
At the moment, steel production relies on coke (a form of coal) as a reducing agent as well as
a heat supply. Using hydrogen for these applications can effectively decarbonize the process.
This process is unique in the industry and there is no other 100% decarbonized option avail-
able on the market that does not involve carbon capture and storage (CCS).[3] To implement
these new processes, an increasing need for electricity in the mining and processing industry
will be inevitable. As the P2X project itself also uses a lot of steel, this can be used for further

green extensions.

Agriculture

Hydrogen is widely used, as mentioned previously, in the agriculture and fertilizer industry
and is therefore attractive worldwide both for domestic and export applications. The fertil-
izers are produced from ammonia and can therefore be produced in the importing country
or industries close to the production plant to later be exported. [4]

Transport

In the transport sector, hydrogen vehicles are an area of intense discussion and research. Fuel
cell driven cars do not require customers to depend on slow charging, since they can fuel

18



2.3 CONSUMPTION OF HYDROGEN DERIVATIVE

up their cars as fast as with regular gasoline. Although the efficiency is much lower than
that of the direct usage ofeiectricity, it could be suitable for countries that depend on future
energy imports, where electricity is not available. Hydrogen products such as ammonia and
methanol are also believed to power the shipping and aviation industry, where batteries for
these enormous vehicles would be too heavy, large and expensive.[5]

Emergency Electricity Generation

As a last possibility, if there is no other more efficient application of the energy carrier, both
hydrogen and ammonia can be cycled back to electricity through the use of a Fuel Cell (FC).
However, this should only be seen as a final possibility for emergency generation when there
is a deficit in other energy storage systems (ESS), due to efficiency concerns of the conversion
from hydrogen or ammonia to electricity.

2.3.1 P2X consumer Markets

As the ultimate goal of green energy carriers is to replace all fossil energy use, most industri-
alized countries have published their own target goals of domestic production and import of

cnergy carriers.

In the following sections, to identify the consumers of a P2X project, the main three con-
sumers are mentioned below, although hydrogen energy is a global commodity as oil is today.
In these sections, hydrogen is considered for all targets , as it is one of the main focus of
the world economy in terms of a long-term storage agent. However, the same reasoning is
applicable to other green energy derivatives.

The European Union has huge plans for domestic production of green energy carriers, both
through 1arge—scaie electricity production and hydrogen energy conversion. The European
Union aims to have a continuous domestic hydrogen production of 40 GW, as well as an
constant import of 40 GW of hydrogen product by the year of 2050. The import of energy
from reliable sources is expected to be inevitable due to local space restrictions. EU has
also launched investments of 5.6 billion dollars for research funding, as well as 3.2 billion
dollars to help build the future hydrogen market. [6] The carbon taxation system for imported
goods is also under active investigation in the union. This could also attract further import
of sustainably produced products, fuels, and commodities, which strengthens the idea and
concept of Power-to-X megaprojects.

Japan and South Korea are two countries with high population densities and ambitious cli-
mate targets. Japan is expecting to import 15-30 GW of hydrogen by 2050, and Korea is
aiming to import 15 GW by 2040. [7] Because of their political relations with neighboring
countries, as well as their limited potentia] for domestic eiectricity production of these mag-
nitudes, it is likely that they will need to import green hydrogen.

The United States has better opportunities when it comes to domestic production of green
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2. BACKGROUND

hydrogen but could still be a possible investor for projects abroad. The Biden administration
recently invested 7 billion dollars in the first American hydrogen hubs.[8]

2.4 Economics of P2X

When designing and building large projects in general, economics plays a key role. For a P2X
project the economics can be split into capital expenditure (CAPEX), and operational expen-
diture (OPEX). The CAPEX is the sum of all expenditures paid during project construction,
while the OPEX is measured as the sum of all operational expenses during one year of oper-
ation. Further, other economical aspects such as project decommissioning also play a role in
the overall economic overview.

Another economical figure is the Levelized Cost of Energy (LCOE), which quantifies all the
lifetime costs associated with a certain energy production, compared to how much energy is
produced during its lifecime. This gives a figure, often measured as $/kWh or $/kg of energy
produced. This enables an casier comparison between different energy sources by standard-
izing costs to a per-unit basis considering interest rates, as well as CAPEX and OPEX. The
method works for different types of energy carriers such as, for example, electricity, hydro-
gen, and ammonia. To calculate the cost of energy, cost and production need to be considered.
These are split into the following.

Initial investment Iy: The total upfront capital cost for the project.

Present Value of Annual Costs ), ﬁ: The discounted sum of all annual operation and

maintenance costs over the plant’s lifetime

Present Value of Energy Produced };_, (K—Z), The discounted sum of all annual energy pro-
duced over the plant’s lifetime.

Combining these three economical terms gives the LCOE stated in the following equation.

n A

IO + Zt:] (1+’l')t
M
=1 (1+i)

LCOE = 2.1)

Where £ is years, I investment rate, Iy is CAPEX, A, is OPEX and M, is production. (9]

For further understanding, an example assuming a wind park of 1 GW with a CF of 0.5
produces 4380 GWh. If the CAPEX is 2.2 Billion § and OPEX is 3% of this the LCOE for the
project is calculated for an interest rate of 8% and a project lifetime of 30 years.

9 30 2.2%109%0.03
22%10% + 30, 220l

230 4380GWh
=1 (1+0.08)'

LCOE = = 0.0597$/kWh (2.2)
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2.5 ELECTRICITY GENERATION FOR P2X

2.5 Electricity Generation for P2X

For a P2X system to be efficient in its task of limiting carbon emissions, the electricity gen-
erated must come from renewable sources. For green power generation, today the market
offers multiple alternatives, and it is important to consider that generation methods are dy-
namically changing. The main production of renewable electricity worldwide comes from
solar, wind and hydro power. For solar and wind, this is a result of the low price of electricity
generation compared to other renewable alternatives, while for hydro power it is because of
storage possibilities. Other technologies such as wave/tidal power exist, but are all in their
startup phase and not yet economically viable and are not expected to be competitive by 2035.
Due to the scale of P2X megaprojects, the expansion possibilities of hydro power will not be
enough to exclusively power it. Nuclear energy is another alternative, with the main advan-
tage of supplying a constant load, which is preferred for hydrogen production. However, the
long construction and licensing time, as well as the high LCOE, reduces its competitiveness
for P2X projects where most of the consumption is elastic, and therefore the lowest LCOE
value is prioritized.[10]

2.6 Energy Storage for P2X

Generally, for P2X projects, energy carriers are needed for both local storage and long-term
storage. Renewable electricity production relies on fluctuating weather conditions, such as
cloud coverage and wind availability. Therefore, short-term ESS is needed to deliver a con-
tinuous energy load to the processes that require it. As the processes are somewhat elastic,
Seasonal storage is not expected to be needed, as energy carrier from the weekly storage fa-
cilities can be consumed in case it is needed.

2.7 Case study - South Africa

South Africa is of particular interest for the location of a Power-to-X megaproject for a va-
riety of reasons. First, pub]ic opinion is important, as permitting in deve]oped countries is
often limited by regional and public processes. South Africa has also suffered from corruption
and political instability in recent decades, leading to electricity scarcity that forced indus-
tries to shut down. Renewable power generation, especially on a scale large enough to handle
severe electricity scarcity, is therefore a solution to get the entire economy back on track as
the addition of new energy could re-attract green industries. The high unemp]oyment rate
is another problem that South Africa is experiencing and could be treated by implement-
ing a P2X project that creates job opportunities. However, specific competences might be
needed from an international context for some parts of a P2X megaproject. For example,
competence for the deployment of floating offshore wind power currently exists mainly in
Europe and the Asia-Pacific region. South Africa’s relations to its neighboring countries are
also generally good, making it less likely that international conflicts occur. In addition, the
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2. BACKGROUND

country’s historical relation to the major developed economies in the western world gives its
investors an incentive to invest in the country.

A specific South African location of great potential is the northern cape region. The region is
the least inhabited in South Africa, consisting of mainly inaccessible deserts with great solar
and wind potential. The unique case of a region with desert all the way to the coast creates
good conditions for a number of reasons. Placing a P2X location close to shore is good for
logistics, both in the construction and operational phase. In addition, the temperature on
the coast is lower, which increases the performance of the solar panels. The energy capacity
of the wind is also general]y better a]ong the coast due to the lower friction coefficients. In
addition, the wind conditions are even better at sea, boosted by a land breeze phenomenon
causing stronger winds during the evening. [11]

In terms of space, the northern cape region also has great potential due to the absence of
stakeholders in conflict, making permitting processes easier. The location is also well posi-
tioned next to large maritime trade routes, cutting costs for import/export and direct energy
applications in the transport sector. For industrial applications, both in the construction
phase and in the later use of energy, South Africa has a great deal of mineral processing and
steel production, as well as a large chemical industry with a focus on fertilizers, which are
industries suitable for application in a P2X project.[12]

2.7.1 Boegoebaai P2X Proposal

Currently, there are multiple proposals on how the South African economy can get back on
track, including green industries and electricity production. One of them is the Northern
Cape Green Hydrogen Project (NCGH2) with the initial planned investments in the Boe-
goebaai region on the west coast 20 km from the Namibian border. [13]

The project aims to establish a full green economy in South Africa, with an installed produc-
tion capacity of more than 100 GW of green electricity from wind and solar power on land,
with the main goal of producing hydrogen derivatives at an electrolysis production capacity
of 40 GW continuously. The proposal comes from the region itself, which makes permitting
in the area easier. The initial investor who is funding parts of this project is the largest coal
company in the world, Sasol. They are planning to fund an installation of 10 GW of renew-
able capacity with a 4.8 GW electrolyzer. NCGH2 has presented a South African overview
of the planned situation which can be seen in figure
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Figure 2.1: Map overview of the NCGH2 infrastructure plans for the
whole country of South Africa.

The proposal for the final Boegoebaai production plant is illustrated by NCGH2 in ﬁgure
In chis figure, one can see that the entire P2X system is illustrated, as well as other necessary
parts such as residential buildings, agriculture, etc.
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Figure 2.2: Map overview of the NCGH2 plans for Boegoebaii loca-
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2.7.2 Port Nolloth Generation Site Selection

Hexicon AB has made a site selection process for the deployment of a floating wind farm
outside of the coast of a location called Port Nolloth, which is situated 60 km south of the
Boegoebaii location in northwestern South Africa, as discussed before. The general method-
ology for site selection processes is described in more detail in Section

Many different criteria have been taken into consideration regarding the Port Nolloth area
such as, for example, coast proximity, shipping lanes, distance to grid connections, water
depth, wind speed and bathymetry. In figure some examples of different criteria and
their respective grading according to certain thresholds can be seen. Some of the thresholds
are fixed thresholds from rules and directives, such as shipping lanes, and some are individ-
ually set by the site developer or from frameworks made by Hexicon. However, it is worth
noting that these criteria are specific for the floating WPP:s. For example, looking at column
4 in the figure, the water depths that are presented indicates that 100-350m are excellent
conditions. This is because these depths of water are too deep for wind power plants with
fixed foundations, meaning that floating foundations is a good alternative, which is more

described in detail in Section[3.2.21

1) Coast 2) shipping  3) Distance to 4) water 5) wind 6)S
Proximity lanes (density)  grid points depth speed 7
km hrfkm2/month Km m m/fs degres.
>0l
0-10 and 65-100  (with a buffer of » 80 0-50 and > 1000 0-5 > 20
0.5 km each side)
1 Bad 10-15 and 50-65 = 70-80 50-60 and 800-1000 5-6 10-20
2 Suitable 15-20 and 45-50 = 60-70 60-80 and 500-800 &-7 7-10
3 Good 20-30 and 40-45 = 50-60 80-100 and 350-500 7-9 5-7

Figure 2.3: Example of criterias used for WPP site selection, with

corresponding thresholds for different grading.

After grading the area in colors according to certain thresholds for each specific criterion,
this has resulted in the following maps seen in a-¢ in the figure However, it is important
to note that, in general, all the criteria might not be equally critical for the success for the
project. Therefore, before assembling the final map, the criteria are weighted against each
other. This weighting is often done by the site developer and is therefore based on individual
or company-specific preferences or experience and learnings from earlier projects.
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Figure 2.4: Maps including site selection criterias.

After taking all criterion’s into consideration, the maps are combined into a final map of the
wind power potential in the area, which can be seen in figure , which is then converted
to a more general version seen in figure . The green area in this figure is considered a
good location, while the blue area in this figure corresponds to excellent conditions. The
blue area has a theoretical potential of more than 26 GW of floating wind power production.
In addition, Hexicon also proposed a suitable area for a potential 900 MW wind farm, which

can be seen in ﬁgure .

(a)  Overlaid (b) Best zones.
map.

Figure 2.5: Maps including site selection criterias and a proposed
900 MW WPP.
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After choosing the area and size of the potential wind farm, Hexicon performed simulations
to obtain an annual electricity yield from the WPP. The results of this simulation can be seen
in ﬁgure as well as a zoomed-in version of the proposed 900 MW WPP seen in figure b.
As can be seen in the figure, the turbine size is chosen to be 15 MW, with a column spacing of
the rotor diameter multiplied by a factor of 9.15, and the row spacing with 7.95, which results
in the spacing seen by the dots of the figure. These key characteristics ulcimately resule in a
capacity factor (CF) of 55.84% for the entire WPP, with a wake loss of 5.57%. The concepts

of losses and CF are explained in more detail in Sections and

900 MW
60 platforms, 60 turbines (15.0 MW)
AEP (incl. wake loss only) = 4401 GWh, AEP Gross (0 % losses) = 4661 GWh
Wake loss = 5.57 %, Capacity factor = 55.84 %
Site area: 245.63 km?
col spacing 9.15 D, row spacing 7.95 D
5.0 deg, 0.5 m/s wind resource bins
Blockage Loss = 0.00 %, Wake + Blockage Loss = 5.6 %

AEP (incl. Wake + Blockage Loss) = 4401 GWh
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Figure 2.6: Results from Hexicons simulation of annual energy yield

from a 900 MW WPP.
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Apart from Hexicons work on the wind power potential for the area, the potential for solar
power is investigated. As can be seen in Figures [2.7/a and b, the Port Nolloth area has an
excellent solar power potential. The combination of excellent irradiation conditions, which
can be seen in Figure [2.7] a, as well as the open landscape seen in Figure 2.7 b. makes the
location close to ideal. In the figure a yearly generation of 2100 kWh/KW installed capacity
is seen (with the maximum earth conditions for reference being around 2400k Wh/KW at sca).
Dividing this with the maximum possible power generated for the full year gives a capacity
factor (CF) of 2100/8760 =0.24. However, there are more criteria that are included for the
site selection work for SPP:s, which is described more in detail in Section[@]

Legend v

(a) Solar irradiance for the (b) Landscape outside
Northern Cape region. of Port Nolloch.

Figure 2.7: Solar irradiance and landscape in the Port Nolloth area.
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2.8 Tools for P2X Simulation

When simulating a P2X system, a couple of software tools can be used. These inlude the
OpenModelica software, the Renewable Ninja website, as well as Wind and Solar atlases.

OpenModelica is a free, open-source software that is great for modeling and simulating all
sorts of complex system. It is built around the Modelica language, which is perfect for han-
dling physical models. OpenModelica lets you run simulations to see how systems behave over
time, making it easier to evaluate different scenarios and optimize performance. The soft-
ware comes with a library of pre-made components, so you don’t have to start from scracch.
[t is also highly customizable, making it adaptable to various research needs. OpenModelica
is therefore a very useful tool for modeling and simulating the P2X system, helping to assess
and fine-tune the energy mix.[15]

Renewable Ninja is an online tool that provides detailed historical and simulated data for
renewable energy production. It is particularly useful for getting high-resolution data on
solar and wind energy. Using weather data from NASA and ECMWF databanks, Renewable
Ninja lets you input specific locations and time ranges to get data output. This hourly data
are especiaﬂy valuable for in—depth simulations and ana]yses. Renewable ninja can therefore
support the OpenModellica model with the valuable simulation-based data for input of wind
and solar generation.[16]

Wind and solar atlases are more about giving you a broad overview of potential energy pro-
duction across different regions. The wind atlas shows details like wind speed and direction
at various heights, helping to identify prime spots for wind power installations. The solar
atlas provides data on solar radiation, which is key for designing and positioning solar panels.
Although Renewable Ninja offers hourly data for detailed simulations, these atlases are great
for getting a general sense of renewable energy potential and geographic distribution. Using
this can help to simulate models accurately that reflect the real-world potential of renewable
resources.[14]

In summary, using a combination of OpenModelica, Renewable Ninja, and the wind and
solar atlases allows to build a solid simulation framework for evaluating the P2X system.
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Chapter 3

Literature Study

In figure an overview of a P2X system can be seen, with the main components included.
In general, the system consists of power generation from renewable sources, as well as power
consumers such as industry, city, desalination p]ant (DSP), and hydrogen derivate produc—
tion, storage, and export. A short-term ESS is also present to provide stability to the system,
as well as to maintain the voltage in the DC grid. In this chapter, the components of a P2X
system are studied in more detail, in order to give a background of the technologies that can
be used in the system.

Solar power DC grid Short-term ESS
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Wind power
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Figure 3.1: Overview of a P2X-system.
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3.1 Photovoltaics

Photovoltaics play a key role in the generation for a P2X project, as seen in the P2X overview
seen in ﬁgur Photovoltaic cells, or so-called solar pzme]s, are made of semiconductor
materials that convert light into electrical energy. The basic principle behind this can be seen
in figure The cell absorbs incoming photons from sunlight, and when semiconductor
material has absorbed enough photons, electrons from the material’s acoms are dislodged,
which creates a flow of electrons, or a so-called current. Usually, panels are built out of small
individual cells, each producing around 1-2 W, and are then connected in series to have a

higher output voltage and power. [17]

Inside a photovoltaic cell

energy
from light

transparent

- lass
negative g

terminal
n-type layer
(semiconductor)
positive junction
terminal
p-type layer
(semiconductor)
energy
from light

Freed electrons
available to the circuit

G0 +4 e Jectron
X aq.c.c.C. flow
tee I (current)
freed electrons holes filled by freed electrons

Source: U.S. Energy Information Administration

Figure 3.2: Structure of a photovoltaic cell.[17]

There are several factors affecting the solar panel output, and therefore its capacity factor.
Firstly, the most obvious one is solar radiation. This is a measure of how many photons hit
a certain surface on average, often measured in W/m?. The amount of photons hitting Earth
per surface area varies with latitude because the surface is hit from different angles. This
makes the latitudes around the equator prone to have the highest solar radiation on Earth. In
ﬁgure aworld map of a yearly average solar radiation can be seen. The figure makes it clear
that the radiation is dependzmt on the latitude but also on area—speciﬁc weather patterns.
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Long-term average of global horigontal irradiation (GHI)
Daily totals: 22 26 30 34 38 42 46 50 54 58 62 66 70 74

|l L KWh/m*

Yearly totals: 803 949 1095 1241 1387 1534 1680 1826 1972 218 2264 2410 2556 2702

Figure 3.3: Caption

Temperature is another important factor affecting solar panel efficiency, as is often the case
with many other semiconductor devices. If the solar panel performance is normalized around
25° C, the efficiency of the solar panel can decrease by up to 0. 5 % per degree Celsius when
the temperature of the solar panel increases. The last major factor is the so-called "soiling",
which includes the accumulated dirt, dust, and other contaminants on the solar panel. De-
pending on the type of soiling, the annual production could decrease by 5-17 %. Other factors
that affect efficiency could be internal parasitic resistances, natural degradation, and the fill

factor. [18]

In figure the rapid increase in installed capacity photovoltaics can be seen. This de-
Velopment is clearly seen in the price drop of LCOE for photovoltaics as well. The LCOE
of large-scale desert-based photovoltaic panels gives an estimate of 0.03 cent per kWh by
2030.[19] The CAPEX for a utility-scale photovoltaic system including the necessary electri-
cal infrastructure, which is described more in detail in Section[3.1.4] The CAPEX for installed
polycristalline photovoltaics are estimated to be around 500 000 $/MW for year 2035 [20]],
with an estimated OPEX of 13 000 $/MW/year. 121]

1,500,000
1,250,000
1.000.000

750,000

500,000

Nameplate capacity in megawatts

250.000

Figure 3.4: Development of global installed capacity of photo-
voltaics from year 2000-2022, measured in installed MW.
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3.1.1 Capacity Factor

The capacity factor of a solar panel is defined as the relationship between the actual output
of the SPP over a certain time period, often a year, compared to if it would have produced
with its peak capacity during that time period. The equation for a yearly capacity factor can
be seen in equation where the actual yearly output of the SPP is divided by the number of
hours in a year multiplied by the rated power capacity of the SPP. The capacity factor usually
ranges from 10-25% [22]. The capacity factor is affected by several factors, the amount of
sun]ight hours, solar irradiance, as well as electrical losses, to name a few. These are described
in more detail in Section[3.1.4

Actual output (Wh/year)

F =
¢ 24 (hours/day) = 365 (days/year) * P,yeq (W)

(3.1

There are several different technologies that can be used for solar panels. The way most of the
technology is being tested is by how much power they can generate under standard test condi-
tions (STC). STC means that under lab conditions, an irradiance of 1000 W/m? is used, with
a cell temperature of 25°C. [23] Silicon-based solar cells currently represent 90 % of all photo-
voltaic modules sold on the market. These can further be divided into monocrysta]]ine and
polycrystalline with different advantages. Monocrystalline modules have higher efficiency,
reaching up to 27.6%. However, they are more expensive because of the very precise manufac-
turing processes that are required to produce solar cells using the Czochralski process. Poly-
crystalline solar panels are generally slightly less efficient, with a maximum efficiency up to
23.3%. However, they are more cost-effective as manufacturing process is cheaper. There are
also different alternatives to this technology that have recently made technological advance-
ments. These are called second- and third-generation solar panels, and consist of perovskite,
nanocrystal, and multijunction solar cells, to name a few examples. These new technologies
have shown promising results in controlled environments, with efficiencies ranging from 18%
up to 46.7%. However, more demonstrations and tests need to be performed before it can be
commercialized.[24]

An effect of the efficiencies is that, logically, panels with higher efficiency utilizes less space to
generate the same amount of power. For example, if the monocrystalline solar panel has an ef-
ficiency of 27.6% under STC, it would theoretically produce 1000W/m?%0.276 = 276W p/m?,
which means that an array would need 1000/276 = 3.62m? to produce 1000 W. For a poly-
crystalline solar panel, it would produce 1000W/m? x0.233 = 233W p/m?* which would give
an area of 1000/233 = 4.29m? instead.

Some areas are more suitable for solar panels than others due to several factors. In figure
a global map with the photovoltaic potential is shown, taking the horizontal radiation,
temperature, and tilt angle of the panels. For example, looking at the marked area around
Mongolia in figure the area shows relatively good conditions. However, looking back at
ﬁgure where the global horizontal radiation (GHI) is shown, the GHI for the area is not
as good as Brazil's GHI for example, but Brazil still has a lower PV potential than Mongolia
when looking at figure due to factors such as temperature.
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Long-term average of photovolaic power potential (PVOUT)
Daily totals 20 24 28 32 36 40 44 48 52 56 60 64

lwh/kwp

Yearly totals: 730 876 1022 168 1314 1461 1607 1753 1899 2045 2191 2337

Figure 3.5: Global map of PV potential measured in kWh/kWp.

3.1.2 Ecological Impact and Area Usage

Usually, land use is considered to be one of the most significant environmental impacts of
solar power plants. However, this can vary significantly because it is highly dependent on
the location and placement of the solar panels. For example, solar panels can be placed on
buildings and residential homes where they do not contribute to negative land use. However,
if the land needs to be cleared or graded, it could have a significantly negative environmental
impact on the area. There are also examples of locations where solar power plants are not
considered to have a negative impact on land use. These could for example be deserts or dry
scrubland, which both are excluded in the category "land competition” from a study published
in Nature named "The potentia] land requirements and related land use change emissions of

solar energy".

However, photovoltaics are very efficient when it comes to production per unit of area of
affected land in terms of W/m2 compared to other generation technologies. The shading
and coverage of the panels can have both a positive and a negative impact on the ecosystem.
An advantage could be that shading allows for possibilities for growth or animal protection,
which is seen in agrovo]taic techno]ogy used in combination with agriculture. Placing the
panels will require foundation support, which will have a local impact on the landscape.

Another major environmental impact of solar panels comes from the mining of some of the
materials that are needed in many of the photovoltaic panel technologies. For example, some
photovoltaic technologies consist of toxic metals such as lead and cadmium, which can cause
great harm to humans and the environment if it is leached into groundwater. The production
of the PV modules themselves is also an energy intensive process that is associated with CO,
emissions. [27]
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3.1.3 Site Selection

When deciding upon a location for a large-scale SPP, it is important to consider the logistics
for installation, cables, and decommissioning. The flat topography also makes the installation
process casier and less visible to passing residents. Panel placement should also be done with
the largest possible distance from other operating stakeholders as it facilitates the permitting
procedure. The location is also favorable, with low shading and a stable underlayer to avoid
erosion. The plant should also be placed as close to the consumer as possible to minimize the
cost of cabling and losses.

For optimal performance, it should also be placed where the mean temperatures are within
the limits discussed above. For example, along the shoreline of a desert is an optimal climate
for this, as the ocean is constantly cooling/heating the nearby inland climate. This also makes
the park more accessible for construction and maintenance, as most towns are along the
coast. Cloud formation is more frequent along the coast, making site selection more complex.
Closer to the ocean, the faster corrosion processes occur because of the ion concentration in
the air. It is therefore important to save some clearing distance and at no risk to have direct
contact with sea water. Furthermore, it is important to consider the landscape impact as
discussed in the section above, where the pane]s should not be placed in protected areas,
and if it affects ecology it should try to be done in a positive manner. To limit the impact
of local cloud coverage, the park should be divided into multiple segments. But the more
subparks, the harder permitting, installation, and maintenance will be, which often results
in an optimal location. [28]

3.1.4 SPP Configuration

When an SPP is constructed, there is a lot of electrical infrastructure other than the photo-
voltaic panel itself that needs to be put in place. In ﬁgure an example of the configuration
of an SPP can be seen, which is an extension of the SPP branch in the P2X overview in figure
The figure also displays the electrical losses that are associated with every component,
not including other losses mentioned previously such as degradation, soiling, temperature,
cte. As the figure shows, it starts with solar irradiation reaching the SPP. The PV panels then
convert solar irradiance to DC power with a techno]og 7—specif3c ef‘Hciency. The pane]s are all
connected with DC cables to a DC/DC step-up converter that increases the voltage to ulti-
mately reach a DC grid. All of these different steps are associated with losses and efficiencies,
with a magnitude of around 23% for the efficiency of the PV panels depending on the tech-
nology being used as previously discussed in Section 1% losses from cabling and 3% losses
from the converter [29]. To give an example, if a certain SPP location had a GHI of 1000 W/m?
on a sunny day, the actual electrical output would be 1000 * 0.23 % 0.99 % 0.97 = 221W/m?.
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Figure 3.6: SPP configuration drawing.
3.2 Wind Power

Wind power generation play a key role for for a P2X project, as seen in the P2X overview seen
in ﬁgurThe principle of producing electricity from wind turbines is based on harnessing
the kinetic energy from the wind, creating a lift force on the wind turbine blades, which
makes them rotate because of the way they are angled. The blades are attached to a drive
shaft which is connected to the rotating part of a generator that generates e]ectricity. [30]

The wind power industry has witnessed a major expansion for the last 20 years, secing around
17 GW installed capacity in the year 2000 turn into 899 GW in 2022. [B1] This expansion
has been made possible due to several factors, including technological advancements, policy
making, and streamlined supply chains.

The general trend in the wind power industry has been to increase the size of wind turbines.
This is due to the relationship between power production and wind characteristics. The
output of the wind turbines is proportional to the swept area of the blades and the cubed
wind speed. Therefore, these characteristics are pushing the industry to create ]arger turbines
with a larger swept area and higher towers. In addition, the unit cost of the foundation and
licensing processes is at the moment relatively high, which makes it unrealistic to scale linear.

3.2.1 Offshore Wind Power

The wind power industry is divided into two different categories, offshore and onshore,
where onshore wind was dominant in the past. Looking back as far as the late 1800s, the
first electricity-generating wind turbines were installed with a capacity ranging from around
5-25 kW per turbine mainly to power lamps, batteries, and electrical tools. [32] Nowadays,
most onshore wind turbines are built with a capacity of a couple of megawatts. Onshore
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wind power is one of the least expensive forms of renewable energy, along with solar PV, as
it is installed relatively easily and quickly and is easy to perform O& M on.

Offshore wind farms, on the other hand, are a newer concept in the wind industry. The first
offshore wind farm was built in Vindeby Denmark in 1991. Those days, the turbines had
a capacity of 0,45 MW each, resulting in a total of 4.95 MW for the 11 turbine wind farm.
[33]Since then, the turbine sizes has increased and today the largest turbines being built are
up to 16 MW each. More than 3 times greater than the whole farm in Vindeby, Denmark.
As mentioned above, there has been an apparent trend in the wind turbine industry to in-
crease turbine sizes, and it is projected to increase even more in the future. [34] This trend is
advantageous for offshore projects, as they can include larger components than onshore due
to logistical and transportation reasons in the project installation phase.

There are several pros and cons of both onshore and offshore wind generation. Onshore
generally has a lower cost and faster installation than offshore, since installation of turbines
offshore requires larger components, investments, and more expensive O& M. However, there
are several pros with offshore wind to compensate for this. First, the quality of the wind is
better offshore, as the wind speeds are higher and less turbulent than inland, which increases
the capacity factor. To harness these better winds, larger turbines can be used than onshore
due to the fact that the offshore turbines are not as size limited as the ones onshore. The
main cause of this is that they can be shipped and installed on site and that they do not
face the difficulties of transporting the components to onshore sites. As mentioned above,
the industry trend is to design larger turbines, which is beneficial for the offshore industry.
Another important advantage is the fact that offshore wind farms are not as space-limited
and disturbing to people as onshore wind farms, making it casier to obtain permits for the

project. [35]

3.2.2 Floating Wind Turbines

Tradicionally, the technique used for foundations in the offshore wind industry has been tech-
nologies such as monopile, jacket, and gravity foundations. These have been used because of
their simp]icity and cost effectiveness, and have been selected according to different depths
and type of seabed. However, fixed foundations come with limitations, the two main ones
being different seabed conditions and water depth. Each fixed foundation type has differ-
ent geological constraints, such as for example monopile foundations not being suitable for
shallow bedrock ete. [36] Regarding the depth limit, there are discrepancies in the economic
Viabi]ity and the technical possib]e water depths. Research diverges on discussions regard—
ing the economically viable depth limits for fixed foundations. According to a report by the
European Wind Energy Association, an economically viable depth limit of approximately 50
meters is suggested for fixed foundations. Beyond this threshold, floating foundations are
becoming increasingly economically feasible. [37]

Like fixed structures, there are different types of foundations for floating wind. Under de-
velopment, there are three main concepts ; the Spar-Buoy, Spar-Submersible as well as the

Tension Leg Platform, which all can be seen in figure Depending on the developer and
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the site conditions, the most suitable option for the specific area is chosen depending on the
depth, geological conditions as well as the steepness of the depth.

Spar-Buoy Spar-Submersible Tension Leg Platform

Figure 3.7: Illustration of three different floating wind power foun-
dation concepts.

As floating fundaments are not economically feasible today on a commercial scale, it is dif-
ficult to forecast the prices. To be competitive on the market, the price cannot deviate too
much from today’s price for WPP:s with fixed foundations. The LCOE of a large offshore
WPP electricity production gives an estimate of 0.054 $/kWh at coday’s prices. [38] Further-
more, the CAPEX and OPEX for a floating offshore wind park are 5.21 M$/MW installed
for CAPEX, and 89 000 $/MW/year for OPEX For a WPP with fixed foundations, an
estimate of the CAPEX is instead 2.39 M$/MW for near-shore turbines which is the price
floating wind needs to be comparable with to be profitable at large scale expansion. [40]

3.2.3 Capacity factor and Available Energy

Asmentioned in the photovoltaic section, the capacity factor is a measure of how much power
the source generates in relation to its rated output over a certain period of time, according
to the formula in equation In figure the average capacity factor for conventional
offshore wind farms worldwide can be seen. As can be seen in the figure, the capacity factor
oscillates from year to year around an average of approximately 40%. However, most large-
scale projects today aim to have a CF greater than 50%.
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Average capacity factor for offshore wind power worldwide from 2010 to 2022
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Figure 3.8: Average capacity factors for offshore WPP:s worldwide,
constructed between 2010-2022. [41]]

However, floating wind projects generally have a higher capacity factor. For example, the
Hywind Scotland project, one of the first commercial floating wind power plants, has an
average capacity factor of around 57.1%.[42] This particular WPP only consists of 5 turbines,
meaning that the wake effects are lower than for 1arge—scale WPP:s with, for example, up to
100 turbines, which makes the comparison a bit unfair. However, in general, the fact that
they can be deployed further from shore means that the winds are generally stronger and
more consistent, which contributes to a higher CF. In figure a world map with average
wind speeds can be seen. Here, the wind speeds differ depending on location due to several
factors such as latitude, elevation, etc. In the case of wind power, wind speed is obviously an
important factor for the capacity factor, but also the consistency of the winds.

Mean WindSpecd  100m - (ms]
e LEE

Figure 3.9: Global wind atlas displaying mean wind speeds (m/s) at
100m elevation.
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3.2 WIND POWER

When the wind turbine converts the wind energy into power, it follows a so-called wind
power curve. The curve is technology-specific and is different for different turbines. In figure
3.10| an example of a wind power curve is shown. The figure shows the expected amount of
power that the turbine should produce for a certain wind speed. The wind speeds from which
the turbine starts and stops generate power are called the cut-in and cut-out wind speeds.
The cut-in wind speed is logically the lowest wind speed required for the turbine to produce
e]ectricity, whereas the cut-out wind speed is the wind speed where the turbine needs to be
"turned off" because of the risk of damaging the turbine.

Rated Speed

100

Power Output
(% of Rated Output)

T Wind Speed (m/s} T
Cut -in Speed Cutout Speed

Figure 3.10: Power curve displaying power output as percentage of
rated output, as a function of wind speed in m/s. [43]

3.2.4 Ecological Impact and Area Usage

The environmental impacts of floating wind power turbines are mainly associated with the
carbon footprint of steel production, which in an electricity production context is relatively
low. However, other environmental concerns, such as the impact on marine life, have yet to
be investigated further. As floating wind turbines are a quite new concept, there have been
few studies on the impact of marine life. [44]

3.2.5 Site Selection

The site selection process for wind turbine installation includes considerations similar to the
solar power site selection process, with some major differences. In general, site selection work
is done as described in Section where Hexicon has worked on the site selection for a
floating WPP in Port Nolloth, just outside of the coast of South Africa. Usually, the process
is extensive and takes many different factors into account, such as, water depth, distance to
grid connections, and wind speeds to name a few for offshore WPP:s. However, the criteria
vary between the type of WPP that is going to be constructed whether it is offshore with
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fixed or floating foundations, or onshore wind turbines. For example, in Hexicon’s work
for a floating WPP, excellent water depths were considered to be 100-350 m according to
ﬁgure However, as previously mentioned in Section the economicaﬂy viable depth
limit for fixed foundations is at the moment 50 m, which makes the site selection different.
Another considered criterion in the onshore WPP site selection is the logistics of how to
transport the wind turbine parts to the site, which is not considered as much in the offshore
site selection due to the fact that the turbines are transported by vessels. Another, criterion
applicable for all of them is the proximity and size of the nearest port. Most wind turbine
components are manufactured in different parts of the world and, therefore, it is important
to have a port nearby that is large enough for the vessels that ship the components to the site.
More details on the importance of ports are described in scction

3.2.6 WPP Configuration

When an offshore WPP is constructed, there is a lot of electrical infrastructure that needs to
be put in place. In figure an example of the configuration of an offshore WPP can be
seen, with all its main components. This figure is an extension of the WPP branch seen in the
P2X overview in ﬁgure As the figure shows, it starts with the wind reaching the turbines,
which converts the wind energy into AC electrical power when rotating, with a turbine-
specific efficiency depending on the wind speed. When the wind faces the blades and they
start to rotate, they create turbulence behind them. This phenomenon is called the wake
effect. Depending on the size of the WPP and the placement of the turbines, the wake effect
decreases the power output of the turbines behind. The power then reaches a transformer
that increases the voltage, to then reach a rectifier that converts it to DC, and transported to
land with HVDC cables. The power is finally converted back to AC and injected to the grid,
which in this case is AC. All of the steps described above are associated with losses that all
affect the overall CF of the WPP.

Wind turbine eficlency (%)

Transformer IDeEes () Rectfisr losses [ Inwener Ingses [
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Figure 3.11: WPP configuration drawing.
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3.3 LOCAL ENERGY USAGE

3.3 Local Energy Usage

Local energy usage is a key component of a P2X setup, as seen in the P2X overview from
ﬁgur Apart from the processes involved in the production of the energy carrier, peop]e
working in the industry will constitute a consumption of electricity for the society to oper-
ate. For a remote large-scale P2X project with many people involved working in the industry,
a smaller village would need to be formed around the P2X industry. The society would then
need power and heat for residential buildings, schools, healthcare, entertainment, waste man-
agement, and other non-elastic services. In addition, if the location is close to the coast but
does not have access to freshwater for residents and agriculture, a desalination plant (DSP)

would be needed. This is further presented in Section

The energy demand from society logically varies depending on the time of day. In ﬁgure
an example of a load curve is shown where the energy demand is plotted at an interval of 15
minutes. As can be seen, the demand varies such that it is lower during the night, when most
people sleep, peaks in the morning when people wake up, followed by a decrease during the
day when most people are at work, to ultimately increase during the evening, when people
come home again.
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Figure 3.12: Example of a load curve (MW) from the energy demand
in France 25/4 - 2024.

For a P2X location without a grid connection, this energy will come exclusively from electric-
ity and possibly waste heat processes. The electricity is used directly from generation, from
short-term ESS; or generated through the use of a fuel cell. As mentioned above, the energy
demand is inelastic and is essential to work at all times. If the power generation source is
from renewable sources, the short-term ESS is of great importance.
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3.3.1 Energy Usage Configuration

In figure a configuration for local energy usage around a P2X project can be seen, which
is an extension of the city and industry branch in the P2X overview seen in figure In
this case, there is a DC grid that provides both residential buildings, seen in the upper right
part in figure and industries in the lower right part in the figure. A step-down DC/DC
converter is needed to lower the voltage from the high voltage grid side, to a lower voltage
at the consumer side. This step can be assumed to generate similar losses as for the SPP
of around 3 % for the converter, followed by cabling losses between the converter to the
consumer of 1%. [29].
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Figure 3.13: Local energy usage configuration drawing.

3.4 Energy Transport

In a P2X system, energy is transported between the main components in the form of elec-
tricity and hydrogen, which requires substantial infrascructure. Energy transport is a key
component of a P2X setup, as seen in the P2X overview in ﬁgur

3.4.1 Electrical Infrastructure

First of, to connect all main components in the DC system, cables are needed. High-voltage
direct current (HVDC) cables transmit electricity using DC over long distances. The ca-
ble consists of conductive materials enclosed in insulating layers. Today, HVDC cables are
especially used for long distance subsea applications, where AC connections require power
stations for voltage regulation and are less efficient exceeding distance of 25km subsea. [45]

For the cables, the CAPEX is 700 000 $/km for land-based transmission cables [46]and 3 120
000$/km submarine cable [47]. With very low OPEX values for cables , they can be assumed
to be included in CAPEX costs for 30 years of operation.
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In addition, different AC/DC and DC/DC converters are needed in the system, as different
appliances use different voltages and technologies. An AC/DC converter transforms the
alternating current (AC) from a power source to direct current (DC) for electronic devices,
using rectifiers to convert the waveform. A DC/DC converter adjusts the voltage level of
direct current (DC) to match the requirements of different devices, utilizing switches and
inductors to regulate voltage.

The losses of transport of electrical energy are given according to equation Here, the
current (I) squared multiplied with the cable resistance (R) is equal to the losses (P) that
occur when power flows through a cable.

Piosses = 12 * R (3.2)

3.4.2 Pipelines

The chemical energy carrier will be transported to consumption/offloading units as well as
storage facilities through the use of pipelines. These pipelines typically consist of steel tubes,
often coated internally to prevent corrosion. In addition, compression stations along the
pipeline route maintain pressure, ensuring that gas flows efﬁciently. By maintaining the pres-
sure of the storage unit, the pipeline itself can be seen as a part of the storage facility. Leakage
prevention measures such as pipeline monitoring and maintenance are crucial because of the
small molecular size of the energy carriers, such as hydrogen gas for example. [48]

3.4.3 Shipping Logistics

For a large-scale P2X system, shipping logistics plays a key role. Both for the cause of im-
porting and exporting. In the installation phase of the P2X project, the ability to import
components by shipping is often essential due to both the large size and the dispersed sup-
ply chains of many components for the construction and maintenance of the P2X plant. If a
society formed around the P2X location, goods for residents would also need to be imported

by ship.

If the main purpose of a large-scale P2X project is to produce chemical energy carriers mainly
for export, shipping plays a key role here as well, due to the large volumes of chemical energy
carriers being produced. To give an examp]e of possib]e sizes, if the P2X project had the
capacity of 1 GW constant ammonia production, its weekly production would be 124 %7 =
168GWh worth of ammonia. An example of a medium-sized ammonia carrier, which is also
fueled by ammonia, is able to carry up to 40 000 m?, which equals around 10 400 tonnes of
ammonia. [49] To translace this weight to how much energy this holds, equation [3.3|is used,
where the weight is multiplied by the amount of kWh/kg ammonia has, times an efficiency
of about 70 %, which ultimately leads to the result of 37.8 GWh.
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10400000k g * 5.2kWh/kg + 0.7 = 37.8GWh (33)

This means that if ammonia were to be exported by a carrier of that size, it would need to

fill up 168/37.8 = 4.4 times a week on average.

Port

When shipping logistics plays a key role in many P2X projects, a port is needed. The port
needs to have all the necessary facilities to be able to load and unload arriving ship during
construction, operation, and decomissioning. The size of the port that needs to be built (if it
does not already exist) obviously varies with the scale of the project. A port in a deep-water
harbor with good conditions costs around 16 M$ for 300 m of berth [50], which would be
large enough for the medium-sized ammonia carrier mentioned in the previous section. For
the size of the port, careful calculations need to be made, taking many factors into account.
For example, if the port is dimensioned for the largest planned ship in the world, carrying 93
000 m> of ammonia [51], the port needs to be larger, which is more expensive, and the P2X
project also needs to have larger dimensioned ammonia storage on site, since the carriers
would not come as often as for the example with the medium-sized carrier mentioned in the
previous section.

3.5 Short-term ESS

The short-term energy storage system (ESS) plays a key role in a P2X setup, as seen in the
P2X overview in Figurd3.1]} In a P2X project, Power stability through voltage regulation is
of outmost importance, to not risk affecting production capacity by damaging power elec-
tronics and other important components, which will be met through the use of short-term
storage. The storage technology will therefore account for voltage regulation, delivering a
stable voltage for the high voltage DC grid. The technology is also used as peak shaving,
where surplus from full production exceeding production capacity or expected average for
the coming hours is stored and later used when the production is insufficient. For large-scale
application voltage regulation, the most feasible options are batteries, due to their cycle of
life, ef:ﬁciency, and production costs. New battery technologies are also very app]icab]e for

deep discharges as well as quick responses. [52]

Battery development has up until now not been for stationary use, but has been developed
for a mobile industry focusing on small devices and transportation, as well as in other space-
restricted areas. But for a sustainable future, the technology is relevant in all over the world.
For many P2X projects, maximum discharge possibilities and efficiency are much more im-
portant than mobility and space, whereas options not mentioned in other areas of research
can be relevant.
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3.5.1 Short-term ESS Configuration and Losses

In ﬁgure a configuration drawing of a short-term ESS can be seen for a P2X project. This
is an extension of the Short-term ESS branch in the P2X overview in figure The power
flow in this setup is bidirectional, which means that the ESS can both charge and discharge
into the DC grid in this case, via a DC/DC converter that increases the voltage flowing to
the grid side and decreases the voltage when flowing to the ESS side. All of these steps are
associated with losses, such that charging the ESS from the DC—grid generates overall losses
of 4% in one direction, including converter losses, cabling losses, and internal ESS losses.
When discharged back, this means 4% losses again, which gives a round trip efficiency of
0.96 % 0.96 = 92.2%. However, internal losses are technology specific, and in this example
taken from a BESS. [53]
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Figure 3.14: Short-term ESS configuration drawing.

3.5.2 Lithium lon

The most developed and rapidly growing battery in the last 10 years has been lithium ion
batteries (LIBs). Lithium-ion batteries operate by transferring lithium ions between the pos-
itive and negative electrodes during charge and discharge cycles. This process involves lichium
ions moving from the positive electrode (cathode) to the negative electrode (anode) during
charging and then back again during discharging, generating an electrical current through
chemical reactions on the respective electrodes. Lithium-ion batteries are a great choice for
storing energy on a large scale because they are much more efficient at charging and discharg-
ing, last a long time before needing to be rep]aced, and are economically viable. Therefore,
most similar project requiring frequency regulation and peak shaving for rapid changes in
production from wind and solar is currently using lithium batteries. [52]

The fact that the sector has been embracing this technology and made quick technological
advancement has made lithium batteries a good all-around reserve for multiple industries.
Lithium batteries have fallen 90% in price during the last decade, and the cheapest technology
is expected to be reduced from 2023’s 139 to 80 $/kWh by 2030. However, in this stage of
development, it is not a matter of‘pervasive techno]ogica] advances but rather a matter of the
mineral prices used in the processes. [54][55]

The following problem of the high demand for lithium batteries is the possibility of lithium
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scarcity. A green future requires large volumes, which could make a less energy dense metal
reaction more applicable, such as sodium batteries, using the same technology but with much
lower energy and power density. Although whether lithium scarcity is a future problem or
not is heavily debated as new reservoirs are explored continuously, mentioning the option

where there is no space restriction is relevant. [56]

For the application of the lithium ion battery in a P2X project, the forecasted CAPEX can be
seen in figure This figure shows the forecasted CAPEX for three different examples of
lithium ion batteries that have a discharge time of 2, 4 and 6 hours, respectively. The CAPEX
differs between the three due to that the faster the batteries is able to discharge, the higher
rated power output it needs to have, which makes it more expensive. The figure also shows a
steady decline in CAPEX until 2050 for all battery alternatives presented.

700

600

n
-
=

I
-
=

2-hour

L
-
-

200

Battery Capital Cost
(2022%/kWh)

100

0
2020 2030 2040 2050

Figure 3.15: CAPEX BESS. [57]

As lithium batteries are limited by their cycle life, it is important to consider this in the calcu-
lations. The CAPEX mentioned above are therefore valid for 5000 cycles of 75-25 discharge.
The OPEX for a BESS system is forecasted to be 2500$/MWh/year.
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3.5.3 Supercapacitors

When an application requires high power outputs, especially for stationary uses, an alterna-
tive is to use supercapacitors. Supercapacitors use a technology that is based on an electro-
static process. In this process, the energy is stored in a double layer procedure in contrast to
lithium-ion batteries where chemical reactions occur which slowly degrade the capacity of
the cell. Supercapacitors therefore have a much longer cycle life and tolerated a higher Depth
of Discharge, as well as efficiency where near-no heat is generated because of low internal re-
sistance from movement of ions. The fact that electricity is stored electrostatically furcher
leads to a higher self-discharge rate of around 30% per month compared to 10 % for lithium-
ion. Another advantage is that the supercapacitors have a lifetime of many more cycles with
an expectancy of 500 000, meaning full charge and discharge 45 times a day for 30 years and
a high energy efficiency of 99%.[60]

The main advantage of the supercapacitors for a P2X setup is that they allow for a much
higher power density compared to lithium-ion, meaning that the storage unit can be charged
and discharged much faster. This makes them very interesting for applications where extreme
loads of energy are expected, which can happen when solar farms are suddenly cloud-covered.
Meanwhile, the forecasted energy density for 2030 is only 100-200Wh/kg, which can be com-
pared to lichium potential of 650 for 2030 Wh/kg. [61]The low energy density means that
the ESS requires much more space, which for the applications of a P2X system rarely is a
problem. This, in combination with the more diverse application of lithium-ion technology,
makes investments in supercapacitors less attractive, which makes the LCOE much higher
than for lithium-ion. With future increase of applications, it is although expected to decrease
to 1500-3000 $/kWh for 2030. [61]

Studies have although shown that for similar application with expected short-term shortage,
using capacitors is more viable per kWh installed as less energy needs to be stored to deliver
the energy for the need, which means that a combination of the two technologies might be
an option, where both very variable and static load occurs. [60]

3.6 Energy Carrier Production

Energy Carrier production is a key component of a P2X setup, as seen in the P2X overview
in figure For this masters thesis, hydrogen derivatives were investigated. Hydrogen is
the simplest and most abundant element in the universe, composed of a single proton and
electron. Hydrogen has a high energy potential, which makes it suitable as an efficient energy
carrier in for example transportation and renewable energy sectors. The energy carrier can
be used directly after production or processed further to be used as energy in a later stage.
[62]
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3.6.1 Energy Carrier Production Configuration

In figure a more detailed configuration drawing can be seen of the energy carrier pro-
duction branch in the system overview in figure The energy production facility draws
power from the DC grid, through a DC/DC converter, to produce the energy carrier with a
certain efficiency. The product is then stored in a storage tank, which is nearly emptied when
a ship arrives to export the product. The system also has a fuel cell installed, which produces
electricity for emergency cases when the short-term ESS in the overall system is empty. The
fuel cell then empties the storage tank to convert the energy carrier to electricity with some
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Figure 3.16: Energy carrier production configuration drawing.

3.6.2 Electrolysis

Today, hydrogen is conventionally produced through a steam reforming process, where nat-
ural gas is combusted in the presence of water and hydrogen. This process generates the
so-called grey hydrogen, with the main disadvantage that the process emits carbon monox-
ide and is not considered sustainable. If the same process is used but the carbon emissions are
stored underground, the product is called blue hydrogen. It is sustainable as long as the car-
bon is kept in the underground reservoirs. Therefore, limited research and pilot plants limit
the possibilities. The third option is to create green hydrogen through the use of electrol-
ysis. In electrolysis, desalinated water is decomposed into oxygen and hydrogen by passing
e]ectricity through the otherwise non spontaneous reaction.

There are three main electrolyzer technologies on the market, all of which have different
properties and targeted applications.[63][64] In addition to these three electrolyzer technolo-
gies investigated in this report, there are other alternatives to these as well. For example, in
China, an electrolyzer that can generate hydrogen from salt water is being tested. However,
immature technology makes it impossible to use for P2X projects on a megascale, and there-
fore the electrolyzer needs freshwater input, either from a nearby reservoir or a desalination

plant. [65]
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Alkaline

The alkaline electrolyzer is the conventional electrolyzer, as it has been used in the chlorine
industry for several decades, although hydrogen-specific electrolyzers have been in construc-
tion for the last decade. The Alkaline electrolysis operates through the use of two platinum
clectrodes separated by a diaphragm, dividing the cell, where the water is reduced on one side
and transporting one electron to the other side, where the hydrogen is produced. The tech-
nology is currently the cheapest on the market, although the need for a constant electricity
supply makes it dependent on a large short-term storage system if it is integrated with solar
and wind generation. [64]

Today, the Alkaline electrolyzer reaches an efficiency of 61 % with an ultimate target of 70%.
The aim is to reach a production cost of around 2 §, with the aim of being competitive to
gray and blue technologies in an unregulated market. Today, technology is ready to be used
with a technology readiness Level classification of technology readiness level (TRL) 9 out of

10.[63]

PEM

The Proton Exchange Membrane electrolysis (PEM) utilizes a solid proton exchange mem-
brane to split water into hydrogen and oxygen using electricity. One advantage of the PEM
electrolyser is that it is much more tolerant to variable energy input, which is preferab]e for
renewable energy production from wind and solar energy, as it limits the need for short-term
ESS capacity. Meanwhile, the technology is more complex and relies on more rare compo-
nents than the Alkaline. [64]

The PEM electrolyzer today reaches an efficiency of 61 % with an ultimate target of 72%. The
PEM eclectrolyzer is targeting a price of 1 $. Today, the technology is ready to be used with a
technology readiness Level classification of TRL 9.[63]. Other literature although states that
higher targets are possible with efficiencies expected to exceed 80% by 2035 [66].

SOEC

The high temperature solid oxide electrolyzer (SOEC) operates above 600 © C, using solid
oxide electrolytes for efficient hydrogen production from high temperature sources. This
makes it possib]e to reach higher efticiencies using thermal energy that otherwise would be
wasted. The SOEC electrolyser can tolerate smaller variations in electrical load and heat
supply. However, if the reactor differs too much from the optimum, studies have shown
that crack formation occurs, which greatly decreases the lifetime. [67] Because of the higher
temperature, and because steam is separated to a greater extent from pollutants, the inflow
does not have to be as clean as for the competitors. Saving other water filtration expenses.

The SOEC electrolyzer today reaches an efficiency of 71 % efficiency (88% with thermal input)
with an ultimate target of 79% (95 with thermal input) and is therefore much more efficient
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than its competitors. Recent small-scale studies have even shown a thermal input efficiency
0f 98%.[68] The electrolyzer currently targets prices of around 4 dollars, with the furcher goal
of decreasing it to 1 dollar. Today, the technology is in the demonstration phase with a TRL
7/8 classification.[63]

3.6.3 Fuel Cells

To use the energy of the hydrogen molecules, the gas can be burned if the energy is needed
as a heat source, used as an oxidation agent it applicable, or put in a fuel cell to generate
electricity.

A fuel cell works in the same way as an electrolyser, while the reaction is opposite, generating
an electric current from the spontancous process. The fuel cell technology is therefore the
same as the three technologies of the electrolyzer previously mentioned. For a P2X project,
the development of the fuel cell is interesting for two reasons, first as its a main component
of long term storage in the system itself , but also because the development of the technology
also impacts whether the worldwide hydrogen economy will break through (and the project
becomes successful where the energy can be sold), as this depends on the viability and effi-
ciency of the technology.

The efficiencies of the fuel cell for the respective technology are for the conversion back to
electreity significantly lower than for PEM, Alkaline and SOEC electrolyzers, with 60% efhi-
ciency for all three technologies. Alcthough the advancement in one technology will directly
link to the other. [69] Some fuel cells on the market are also possible to be run bidirection-
ally, which means that in case local consumption of Tong-term storage components (produced
hydrogen) would be needed, although the technology is more expensive, a second unit does
not have to be bought, cutting investment expenditure for this component [70].

3.6.4 Hydrogen

Using hydrogen directly as an energy source can be integrated in a range of sectors and in-
dustries. It can be applied both as a heat source and converted back to electricity through
the use of a fuel cell. Hydrogen is a very light component while being extremely energy dense
by weight. This means that its weight energy density is very high, as it stores a large amount
of energy per unit of weight. However, in its gaseous form, its volumetric energy density is
low because hydrogen gas occupies a large volume. The gas also has a very low melting point,
making storage even more complex. The heat value of hydrogen is 39.39 kWh/kg, underscor-
ing its high energy density by weight. When compressed or liquefied, hydrogen’s volumetric
energy density increases, making storage more efficient considering weight, but not volume.

Transporting hydrogen is very difficult due to its properties, as it requires a very high pressure
of up to 800 bar or liquefaction at a temperature of 259,2 ° C to be viable. The additional
properties of the gas, such as its explosive nature, invisible flame, and undetectable smell,
further complicate storage. Although not poisonous to humans, these characteristics pose
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significant challenges. A combination of these properties sets high requirements for the safety
concerns of technology where complicated and expensive infrastructure is necessary.

The forecast LCOH2 for producing green hydrogen varies a lot, because of volatility prices
for the technology used, most government targets 1-3 $/kg, which is far from reality of actual
projects. An estimate is that it instead ranges in between 5 and 8 $/kg. All depending on the
forecasted technological development and material availability. [71] The estimated CAPEX
prices for 3035 are 650 000 $/MW installed capacity, [72] and 40 000 $/MW /year for the
OPEX.[73]

3.6.5 Ammonia

With the disadvantages in the process of storing and transporting hydrogen, an alternative
is to further process it into ammonia. Ammonia does not require the liquefaction of a tem-
perature as low as that of hydrogen gas, as it has a boiling point of -33.34 © C. It also has a
much higher volumetric energy density, making it easier to transport both as a liquid and
as a gas. The chemical is, although toxic for humans and flammable, but with a flash point
lower than hydrogen. This still makes it important to treat the chemical with care, especially
when transporting, as emissions can have a tremendous environmental impact. The heating
value of ammonia is 5.2 kWh/kg making it less energy dense considering weight, although
the density makes the chemical interesting. [74] [75]

Today, ammonia is used in industries all over the world, being the second most produced
chemical. Mainly used in the fertilizer industry, where conventional ammonia is produced
through the use of gray hydrogen (from steam reforming of natural gas) to later be used in the
Haber-Bosch process (HB). The Haber-Bosch process combines nitrogen (which is the most
abundant component in the air) with hydrogen. The air is processed in an air-separation
mechanism, where the concentrated nitrogen can be used in the Haber-Bosch process. [76]

As energy storage in ammonia (if not further processed to fertilizers or other chemicals)
requires the steps of both transforming to ammonia and cracking back to hydrogen, the pro-
cess is not only more expensive but also results in a lower efflciency through production and
decomposition if not storage is considered. However, when the round-trip efficiencies of
suitable liquefied storage methods for transportation are compared, it becomes evident that
the additional energy required for compression, storage, and controlled vaporization is sig-
nificantly higher for pure hydrogen than for ammonia, including the extra energy used for
producing and cracking ammonia. The results show a round—trip efﬁciency that breaks even
in 30 days, with favorable conditions for ammonia for storage longer than this and favorable
conditions for hydrogen for shorter time periods. This makes the use of ammonia as export
energy carrier favorable.[77] Ammonia also has comparable efficiencies in terms of produc-
tion. [78] This reference also states that in combination with electrolysis, the process only
requires and extra 10 percent input of energy. With the targeted 72% PEM electrolyzer, the
combined will be 65%.

Rescarch is also investigating possibilities to directly convert ammonia in a fuel cell. This
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direct reaction may be much more efficient and cheaper than it is today, which may lead to
further advantages in the logistical chain and development of the energy use. [79]

The main disadvantage of ammonia cracking and combustion is the emissions of NOX par-
ticles and nitrous oxide (laughing gas). In perfect combustion and application in fuel cells,
they are not formed, but the high temperature and presence of oxygen make side reactions
inevitable. Studies show that fuel cells are much more efficient and some studies say that no
side reactions are formed.[80] To address the problem, catalysts need to be used, which is
expensive technology but necessary to mitigate the poisonous and GHG emissions. [81]

In the same way as for hydrogen, the forecasted price for LCONHS3 varies a lot due to the
Volatility prices for the used techno]ogy. However, an estimate is that it will range between

0.475 and 0.950 $/kg by 2030. [82]

The cost of a Haber Bosch plant varies greatly, but in combination with an electrolyzer, some
management and treatment costs can be avoided. An estimate is that 9.35 % of the power
supplied to the electrolyzer is needed for the Haber-Bosch plant. In these conditions, the
CAPEX for the Haber-Bosch plant stands for 37.65% of the electrolyzer cost. Although the
estimated Opex is 1.5 percent of the Capex per year. 183] 184

3.6.6 Methanol

Another hydrogen derivatives chemical energy carrier is methanol, which has very interesting
properties when it comes to carbon limiting actions. The chemical has a high energy density
and is much safer to handle than hydrogen and ammonia, as it is liquid under atmospheric
pressure.

In the production process, carbon dioxide is combined with hydrogen to form methanol.
In an initial phase, carbon dioxide could be captured from industries. The chemical can
later be burned to power steam generators, with the only reactants being water and carbon
dioxide. Through this process, the carbon atoms are cycled again, and huge carbon emissions
can be mitigated. As carbon dioxide still is let into the atmosphere, this is not considered
a final solution but a solution for the transitional phase, toward a full ammonia/hydrogen
infrascructure and is therefore not considered as an exclusive candidate for production in
this report.

3.7 Desalination Plant

The desalination plant (DSP) plays a key role in a P2X setup, as seen in the P2X overview
in Figur As the main electrolyser technologies mentioned above need an input of de-
salinated water, a freshwater reserve or a desalination plant is needed in a P2X project. In
addition, desalinated water is also needed for residential use, to serve exporting ships as
well as agriculture. In a DSP, seawater is pumped into the desalination plant. Then, it goes
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through a series of filtration stages to remove larger particles and debris. Later, the water is
pressurized and forced through the reverse osmosis membranes, separating freshwater from
salt and minerals. Freshwater is collected and treated further to meet quality standards, while
concentrated brine containing the removed salts is disposed. A desalination plant typically
consumes 3-4 kWh of energy for every cubic meter of water, making it a very efficient pro-
cess. On average, a resident (and deckhand on an exporting ship) consumes about 200 liters of
water a day, and the electrolysis process requires 9 liters per kg of hydrogen produced. Also
important to consider for a P2X project is agricultural use, which on average accounts for
around 70% of the world’s freshwater consumption. The CAPEX for a desalination plant
is estimated to be 3968 254 § per MW, and for OPEX as low as 0.5$/m30.59 = 0.295$/M W,
as 41% of the original OPEX consists of the energy price.[85].[86]

3.7.1 Desalination Plant Configuration

In figure a configuration for a DSP with water storage included used in a P2X project
can be seen. This figure is an extension of the DSP part of the system overview described
in figure The DSP draws power from the DC grid, which is passed through a DC/DC
converter to lower the voltage from the grid side. As the DSP draws power from the grid, it
produces desalinated water that is ultimately used to provide the city, agriculcure, and the
energy carrier production facility with enough desalinated water.

City
Cesalinatan plam ﬁ ﬁ

Including storage ﬁ'
—
% = o Agricuiurs

Camvarier losses (%) ﬁ

Energy carmer proguction

t

Figure 3.17: Desalination plant configuration drawing.
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3.8 Tank Storage

Tank storage for DSP and chemical energy carrier play a key role in a P2X setup, as scen in
the P2X overview in ﬁgur When different chemical components are stored, a wide range
of technologies can be used, depending on the planned application and available technology.
As for many P2X projects, the need for long-term storage on site is limited, and the product
is expected to be exported/consumed in a short time from production. However, in the short
term it is needed in case of logistical failure or a temporary imbalance in supply and demand.

The standard storage method for such an application is the use of tanks. In the tank, the
stored agent can cither be compressed to a pressure of 300-800 bar or be liquefied and kept
chilled until further application. What technology is used depends on further application,
for example, whether it is used on site use or exported, as well as what space limitations the

site has. [87]

An alternative to storing hydrogen is to convert it to ammonia, as it is much easier to store
with its higher boiling point. This simplifies not only the storage procedure, but also the
export. The Capex and OPEX for the storage of refrigerated ammonia is 1.04 $/kg for CAPEX
and 3% of this for OPEX. [8§]

The water that is desalinated for use in the e]ectrolyzer, residential and agricu]tura] uses also
needs to be stored temporarily. This is a much simpler process because water is in liquid form
at room temperature and it is non-toxic. The CAPEX of this is assumed to be 100 $/m3. [89]

3.8.1 Others Storage Alternatives

In addition to conventional storage in gas/liquid tanks, there are multiple other storage meth-
ods, using different types of natural geological formation, such as empty gas fields, salt cav-
erns, or old mine shafts. First, these technologies require that local conditions have the pos-
sibilities for such a storage system. Because these types of technology are mainly applicable
for long-term large-scale storage, they are not further investigated.

Hydrogen gas can also be stored in metal hydrates, where the gas is subjected to a sponge
structure, undergoing a non-spontancous reaction, allowing metal-hydrogen bonds. In a later
stage, the bond breaks when exposed to a lower pressure or temperature. This technology is
especia]]y suitable for transportation because hydrogen can be trzmsported with a volumetric
energy density of 4.3 kWh/dm3 compared to 1.3 kWh/dm3 at 700 bar for hydrogen.[90] This
allows more energy per carrier, as the transport is most often space-limited and not weight-
limited, where the alternative is much heavier than other technologies. Another advantage is
that the storage technology is considered much safer, as the metal is neither flammable nor
poisonous. The main disadvantages are the increased cost of application and the losses in the
conversion in both binding to the metal and decomposition. Studies have shown that the

technology is applicable to hydrogen storage with a dimension of up to 100 MWh. [91]
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3.9 Specification Summary

For the technologies mentioned in this literature study, the main efficiencies and CAPEX /
OPEX prices are stated in table to be used later in the construction of the P2X set-up.

Table 3.1: Summary for Specifications of stated technologies.

Component Efficiency CAPEX ‘ OPEX ‘ Unit
Solar - Mono 27.60% Not Stated - more expensive
Solar - Poly 23.30% 500000 13000 $/MW
Wind farm Not stated 2100000 | 89000 $/MW
BESS 95% (for Max Power) 270000 2500 $/MWh
Cables Transmls.swn LOSSES 2GW: 1.44%/1000km (R=0.0072 ochm/km) [ 2 $/¢m
Cable Submarine 3120000 [ $/Km
. psP Combined: 3-4 MWh/m? i e s/MW
Desalinated water storage 100 o $/m?3
Electrolyzer - PEM 72% 650000 £0000 $/MW
Electrolyzer - AL : 72% : N
Electrolyzer - SOEC 95% (with thermal input)
PEM + HB process 241475 | 3622.125 $/MW
Ammonia storage Combined: 65% 1.04 0.0312 s/kg
Offloading port and equipment 16000000 | 160000 | $/300m berth
Hydrogen Fuel Cell 60% Integrated in PEM

The levelized costs of energy stated in the literature study for hydrogen, ammonia and elec-
tricity are stated in table and are to be compared with the result of the P2X project.

Table 3.2: Forecasted LCOE Prices for Hydrogen, Ammonia, Wind

and Solar Power

Type Range
Levelized Cost of Hydrogen ($/kg) 5.00 - 8.00 (1.00 - 3.00 target)
Levelized Cost of Ammonia ($/kg) 0.475-0.95

Levelized Cost of Wind Power ($/kWh) | 0.054
Levelized Cost of Solar Power ($/kWh) | 0.03
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Chapter 4

Method

The general methodology photovoltaic, described in Section as a part of the literature
study. In the following part of the report, an overview flow chart of how the objectives are
met is illuscrated in Figure

Optimize ratio of
components for
maximum energy
carrier production

Research for
simulation input data
and dimensions

Modify operational
Case study logic in the simulation
until it runs with no

errors

Create a
simulation
model

Litterature i
research Build System

Component
analysis

Economical
analysis

Figure 4.1: Method overview flow chart.

In the figure, it can be seen how the methodology starts with the literature research to identify
the main components of a P2X system made in the literature study. In addition, a component
analysis is performed to identify and compare the technologies investigated in the literature
study, which is presented in the result. In addition, a simulation model is built to be app]ied
for a case study for which the components are chosen and the inputs determined. The buile
model is also adjusted on the basis of these inputs to be further optimized for maximum
energy carrier output. Lastly, the economic analysis is carried out, where the final results are

analyzed.

The structure of the method is chosen to be in the presented way to make it easy to scale or
apply the tool to other situations relating to the objectives. In this way, for a new set-up, the
methodology can start from the fourth step in the figure above.
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4.1 System Component Analysis

Before being able to simulate the key component of the P2X system, different technological
alternatives and its specifications are being investigated. This is made to know how to build
the simulation in an efficient way to reach the main goal of maximizing production. To do
this, the main components within the generation, storage, consumption, production, and
logistics of a P2X system are presented in the literature study chapter 3. The analysis is
made to get an understanding for how the system needs to be built and does not to a final
setup result before the simulation is done, where the technology is determined based on the
required specification in the system.

4.2 Simulation Method

The simulation of the P2X system in figure 3.1 in the beginning of the literature study is
carried out using the OpenMode]ica simulation tool. The simulation software, which was
described in more detail in Section is chosen because of its great properties when sim-
ulating the performance of energy systems. When designing the system, the main objective
is to maximize the energy carrier production while still maintaining the necessary functions
by providing residents and industries with a sufficient amount of power every hour of the
year. The simulation model has been made to replicate the conditions and components of
a P2X system including component configurations described for all the components in the
literature study. In figure an overview of the simulation model can be seen, with all its
components. The green headings represent the potential input of the power injection into
the grid, while the red ones represent the power consumption. The black heading of the
battery means that it is bidirectional and both injects and draws power from the grid.
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Figure 4.2: System overview with the main components without
controllers.
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For the system to function properly according to the specified requirements, some of the
components need controllers in order for the system to work. The complete simulation model
including the controllers and logic’s can be seen in Figure The system has 7 components
with 5 controllers and 2 offloading units. The gray blocks connected to DC/DC converters
represent controllers, while the gray blocks connected to storage units are offloading units.
The general logics behind these controllers and offloading units are described briefly for the
respective component in this section.

ground1 ‘ BatteryPD

: nr o @ﬁ—c.:s— ] .‘ ‘_ | iCun... /_]

3 Line & bc Line
— “Se... - —
Loa ld
Line s
A @-| |——=
- o }

SPP

Figure 4.3: Full system overview including controllers and logics.

When the gray blocks are opened, the controllers can be seen in more detail. To give an
example of how a controller can look, Figure 4.4{shows the complete electrolyzer controller.
The controller functions such that the excessive power in the grid is calculated by taking the
power generation subtracted by the consumption. This excess power then becomes the set-
point value for the power the electrolyzer should draw from the grid to produce hydrogen.
In addition to this, the SoC of the BESS is taken as input in the controller in order to allow
the electrolyzer to produce more hydrogen when the SoC of the BESS is high and make the
electrolyzer produce less when the SoC is low.
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To implement these functions in the controller, mathematical operation blocks are used for
the calculations, while switches and hysteresis blocks are used for the logical operations.
When the calculations and logical operations have been made, a PID controller takes the

power as a setpoint value, to ultimately convert it to an electrical current signal that makes
the electrolyzer draw power from the grid.
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Figure 4.4: E]ectro]yzer controller 10gic.

In ﬁgure an example of an offloading controller can be seen. Here, the controller measures
the storage level in the tank, and if the tank is 90 % full, it offloads the tank to the storage
level 50 %, mimicking the situation where a medium-sized carrier comes to export ammonia.
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Figure 4.5: Offloading controller of energy carrier storage.

60



4.2 SIMULATION METHOD

4.2.1 Timeseries Data

InaP2X system with no grid connections, all components which are generating or consuming
power needs to be simulated based on accurate time-series data for a full year of operation.
Due to the fact that all power in the system is generated from fluctuating renewable energy
sources, overlaps and counter-overlap in generation therefore lead to a big variation of power
present in the system.

To achieve realistic simulations, power generation and consumption should be updated as
frequently as possible. However, for remote locations, accurate hourly data from measure-
ments for the specific location is not within the budget of this master thesis.

For power generation, solar and wind power generation have a strong dependency on each
other. Therefore, simulation-based data for a specific year must be prioritized. The simulated
dataset is obtained from the renewable Ninja website presented in section This data is
based on satellite measurements and site recordings to generate estimated hourly weather
data for any location for the year 2019. Using this database, an output file is supplied with a
resolution of 1 hour for the full year which is suitable for the project.

In reality, for especially solar but also wind, the output can vary from 0 to 100 capacity in
a matter of seconds due to cloud coverage or winds. However, since the scale of the WPP
and SPP can be large, these changes in capacity do not often occur at the same time for the
whole plant, since it takes some time for a cloud, for example, to cover the whole SPP. One
way this is combated in the modeling is through the use of four delays, with the purpose
of smoothening out the variations in a realistic manner although its still based on the same
dataset. The dataset can also be interpolated in different ways in between the datapoints to
give realistic outputs.

For the energy consumption of the industrial town, actual data for this do not exist as the
town is not built yet. There is also no nearby town that would be comparable to the scale and
energy usage of the town described in the P2X system. Therefore, data from another location
with a similar energy usage pattern is used and scaled to match realistic values based on the

size of the P2X project.

4.2.2 Microgrid

To transport the generated electricity from producers to consumers, all different components
are connected through the use of HVDC transmission lines and cables, creating a DC micro-
grid. Using DC/DC converters between components and the grid, the voleage of the grid can
be kept at a desired unified voltage level while the different components can use the voltage

they are designed for.
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4.2.3 Wind Power

When implementing the WPP in the simulation model in Figure the WPP configuration
seen in figure from section is used as a template. In the simulation model this is
implemented by inserting a table with hourly power output from one turbine. This table is
then amplified with the number of turbines that is chosen for the project, and then divided
into 4 different input tables, cach with a time delay of 10 minutes. This is done to imitate
a realistic scenario in which the wind turbines have spacing between each other and do not
produce the exact same power output every second. With a time delay of 10 minutes, a 10 m/s
wind will travel a distance of 6 km, which was considered a reasonable distance. Finally, the
four power output tables are fed into a current source, which injects power into the system,

resulting in the top left branch in figure

The time series data for the turbine are gathered for a chosen location as described in Section
In order for the data to be translated from a wind speed to an actual power output from
a wind turbine, the formula seen in cquationis used. Here, 0.5 is multiplied by the power
coefhicient C), air density, p, the swept rotor area, A, and cubed wind speed U to ultimately
obtain the power output for the given wind speed. The air density used is 1.225 kg/m?, and
the C), value is calculated by inserting a turbine-specific rated output at rated wind speed in

equation 4.1{and solving for C,,.

P=05*C}*A*p*U3 4.1

For example, for a Vestas 15 MW turbine, C, at rated power becomes 0.41 at rated wind
speed, as can be seen in equation [92]

15000000

= 0.41 42
0.5 43742 1.225 % 11.13 (4.2)

This C,, value is then held constant when calculating the power output for all wind speeds.
For wind speeds higher than the turbines rated wind speed, the power output is capped at
rated power. Finally, the cut-in and cut-out wind speeds are applied, such that power outputs
for wind speeds less than cut-in and greater than cut-out are set to 0.

4.2.4 Solar Power

When implementing the SPP in the simulation model in figure the SPP configuration
seen in figure from section is used as a template. In the simulation model, this is
implemented in the same way as for the WPP, by inserting a table with hourly power output
from one square meter of solar panel. This table is then amplified with the capacity that is
chosen for the project and then divided into 4 different input tables, each with a time delay
of 5 minutes. This is done to imitate a realistic scenario in which the wind turbines have
spacing between each other and do not produce the exact same power output every second.
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Finally, the four power output tables are fed into a current source, which injects power into

the system, resulting in the left-hand middle branch in ﬁgure

In the SPP case, the site-specific data is collected in the format of percentage of actual output
compared to the installed capacity. When implemented in the simulation model, a similar
methodology is used as for the wind power. The table of hourly percentage of installed capac-
ity is amplified by the desired installed capacity. This table is then divided into 4 different
input tables, all with a time delay of 5 minutes each. These four input signals are then fed
into a current source, which injects power in to the system, resulting in the top left solar

branch seen in ﬁgure

In addition to the SPP, there is also an associated controller that is regu]ating the power
output from the SPP in the simulation model. The controller is needed because during some
periods of the year, the system is producing more power than it is consuming while the battery
is full, and therefore there is a need to curtail the surplus energy in order for the system
components not to be damaged. To implement this logic in the controller, it takes both
production and consumption units as input, as well as the SoC of the battery, and calculates
the instantancous power balance of the system. If the system has a surplus of power when the
BESS is fully charged, logics in the controller make the SPP curtail the excessive power that
cannot be consumed in the system. The controller also makes the SPP curtail if the power
exceeds the rated limit of the battery, in order for the battery to not draw a larger power than
its rated capacity.

4.2.5 Local Energy Usage

When implementing the local energy usage in the simulation model in ﬁgurc the configu-
ration seen in ﬁgure from sectionis used as a template. In the simulation model, this
is implemented by inserting hourly electricity consumption data for the desired area, which
is gathered according to the methodology described in Section This is then used as in-

put to a current source, which draws power from the system according to the data, resulting

in the left-hand middle branch in figure

4.2.6 Battery Energy Storage System

When implementing the BESS in the simulation model in figure the short-term ESS
configuration seen in Figure of Section is used as a template. In the system, the
BESS plays an important role in voltage regulation, peak shaving, and to deliver power to
processes requiring a constant power input, as the local energy usage for example. Due to
the versatile applications of BESS, there has to be a controller connected to it. For example,
the controller makes the BESS to regulate the voltage by measuring the current grid voltage
and comparing it with a reference voltage of 1 MV DC. If the voltage is higher, the battery
draws power from the grid until the measured voltage is equal to the reference voltage, and
vice versa, if the Voltage is lower than the reference, the battery discharges power into the
grid. Another function of the controller is to measure the SoC of the BESS to keep it within
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the desired range of 10-90% using a so-called hysteresis logic. An example of this can be seen
in figure When the battery reaches 90% SoC, the hysteresis logic prevents the battery
from charging again until it reaches 85%. However, due to other operational logic, such as the
curtailment of solar power that starts when the SoC of the BESS is 85%, the battery will rarely
reach over 85%, so hysteresis should be seen as an emergency logic. An example of how this
should work can be seen in ﬁgurc by looking at the first SoC increase. When the battery
reaches 85%, the SoC does not increase further, and is then discharged to around 50%. Vice
versa, if the battery discharges to 10%, hysteresis prevents the battery from discharge furcher,
until the SoC is 15%. When the SoC reaches 15%, the fuel cell starts to supply the system with
power instead, which can be seen as an example at the end of figure The BESS can be
seen in the upper right part in figure
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Figure 4.6: SoC of the BESS as a function of time.

4.2.7 Fuel Cell

When implementing the fuel cell in the simulation model in ﬁgure the energy carrier pro-
duction configuration seen in figure from section is used as a template. A fuel cell
is used when the battery is running low and processes in the system require energy. The way
that the fuel cell is implemented in the simulation model is by inserting a storage unit that is
connected to a DC/DC converter that is further connected to the grid. In this DC/DC con-
verter, the losses and efficiencies are stated such that if energy flows through the converter,
it is multiplied with the losses and efficiencies. The fuel cell can be seen in the bottom right

branch in figure

As mentioned above in section if the battery reaches 15%, the fuel cell is activated to
help provide the system with power. Similarly to BESS, the fuel cell has a controller that
includes hysteresis logic based on the SoC of the BESS such that if it reaches 15%, the fuel cell
starts producing power equal to the power demand at that time, until the SoC of the battery
is back at 20%. An example of this situation can be seen in the end of figure [4.2.6] where the
SoC of the BESS reaches 15%, and the fuel cell starts to produce. Further, the fuel cell is also
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logically connected to the hydrogen storage, such that if the hydrogen storage SoC is too low,
the logic prohibits the fuel cell from producing power by using hydrogen from the tank until
it has enough hydrogen again.

4.2.8 Desalination Plant

When implementing the DSP in the simulation model in figure the DSP configuration
seen in figure from section is used as a template. As mentioned above, desalinated
water is needed for various purposes and processes in the simulation model. Since many
suitable P2X locations do not have a stable freshwater supply, a desalination plant (DSP) is
needed to convert seawater to desalinated water, which in the model can be seen in the middle
right branch in the ﬁgure In the simulation model, the DSP is based on the operational
logic which draws constant power from the system based on the rated power for the DSP.
This electrical power is then converted to desalinated water using the equation where
the constant power consumption P of the DSP is multiplied by the efficiency with which it
can convert seawater to desalinated water, measured in kg/kW.

mu,0o = P (W) x Ef ficiency (kg/kW) (4.3)

This results in an output of desalinated water that fills up the water tank that is controlled
by an offloading unit controller. The offloading unit then emptys the tank according to the
instantancous water needs of the system. The water needs from the city and agriculture are
modeled as constant, while the water consumption from the electrolyzer varies depending
on the production rate of hydrogen, by using 9 liters of water for every kg of hydrogen.

4.2.9 Electrolyzer/Haber-Bosch

When implementing the electrolyzer in the simulation model in Figure the energy car-
rier production configuration seen in Figure of Section is used as a template. The
electrolyzer is where all hydrogen is produced from electricity and desalinated water, which
can be further processed in the haber-Bosch unit (HB), which is modeled in the same step.
In this section, for simplicity, this process will only be stated as an electrolyzer.

The electrolyzer is controlled by several mechanisms, which is described in more detail in the
example in Figure as well as an offloading unit, which is also described in more detail in
Figure The electrolyzer is implemented in the simulation model is by inserting a storage
unit that is connected to a DC/DC converter that is further connected to the grid. In this
DC/DC converter, the losses and efficiencies are stated such that if energy flows through the
converter, it is multiplied with the losses and efficiencies.

In order to translate the electricity consumption of the electrolyzer, the signal is converted to
ammonia using the formula seen in equation Here, the mass of ammonia that is produced,
My, is calculated by taking the power consumption P of the electrolyzer, multiplied by the
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efhiciency of the electrolyzer, 7, and the heating value, HV, for ammonia. The heating value
is the theoretical amount of\energy that is needed to convert e]ectricity to ammonia.

myp, = P (W) * 17k HVNH3 (44)
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4.2.10 Data Collection

To manage the measured signals in the system for further techno-economical optimization
and system validation, many data measurements are needed. In addition to using measure-
ment unit blocks for instantaneous signals such as SoC, voltage, current, and power, other
time-based readings are needed. For instance, this measure unit block converts all powers
to energy by taking the integral of the power curve. This way one can see the accumulated
energy for a specific measure unit and how it varies throughout the year. This is for example
used to see the kWh of curtailed energy, generated energy, weight of produced ammonia and
water, for instance. This logic is also used to have an estimate of how many cycles the battery
undergoes by using a counter mechanism. This is done by dividing the BESS capacity by the
absolute value of the total energy used. All the measured data in the block are presented in

table

Table 4.1: Yearly Production Data - Parameters and Units from data
collection block

Parameter Unit

Total electricity production (incl Curtailed) kWh

Wind electricity production kWh
Solar electricity production kWh
Curtailed electricity kWh
Wasted electricity kWh
Ammonia Production Electricity Consumption | kWh
City electricity Usage kWh
BESS Bidirectional electricity usage kWh
Fuel Cell electricity Production kWh
Ammonia Production kg

Ammonia Consumption kg

Exported Ammonia kg
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4.3 Model Input Method

At this stage, when the model is built and the components are identified, one has to choose
an estimated location to implement the model at. The first analysis is made by scouting using
global solar and wind atlas and other site-specific information gathering from case-studies
conditions, presented in the background. In addition, the inputs are set by plugging in the
site-specific characteristics for this location. Through this, the model input can be specified,
which is described below along with how they are decided for the location.

+ Wind Power generation - Timeseries data from suitable location according to section

3.2.5) where renewable ninja data is used to extract hourly data.

« Solar Power generation - Timeseries data from suitable location according to
where renewable ninja data is used to extract hourly data.

« Water demand - based on local characteristics

City and Industry energy demand - based on local expectancy

« Export possibilities - based on local geography

To chose between the use of inland or offshore wind the power generation, trends have to be
analyzed. By plotting the data set sorted by the time of day for the difference seasons, the
hourly variation in power output can be seen. Further, shifting the dataset forward and back-
wards by around 6 hours, to reach maximum and minimum overlap, and then re-running the
simulation is done to see what influence the power curve overlap has on ammonia production
and fuel cell operation.

Further, based on the location, model requirement and research method, the technologies
and specifications of the chosen technology can be stated, where the model has all required
inputs.

4.4 Technical Assumptions

The main technological assumptions for the built system are stated below.

One key assumption is that none of the components capacity is degrading with time. In
reality, degredation occurs for both BESS, photovoltaic, and electrolyzer. In reality, a larger
capacity would, therefore, be needed to compensate for this to maintain production.

The Fuel cell is also assumed to be integrated in the electrolyzer, which for the project means
thatithasa higher ef‘Hciency than in reality, as well as that the reversible techno]ogy in reality
should be more expensive than the CAPEX and OPEX of the stated technology.
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4.5 TECHNO-ECONOMIC SYSTEM OPTIMIZING METHOD

The OPEX of HVDC cables as well as water storage are assumed to be included in the CAPEX
price for the respective component, as low costs are expected. In addition, the cost of pipes
within the production plant is excluded, as well as the efficiency losses associated with this.

Another assumption in how the system is built is that no water is reused in the system. In
reality, the current overproduction is even higher in reality when including a water treatment
plant and cycling back the water. For the used setup, all used water is instead desalinated sea
water.

4.5 Techno-Economic System Optimizing Method

When the system in the simulation model system can be run without simulation errors, the
next methodology is to further optimize it. This is done through the use of a feedback-
oriented trial-and-error methodology, which is described in the flow chart in figure

Integrate Result

Repeat for new Change component ratio
component Based on trends

¥

ki Run simulation Analyze economical Analyze H2 Pick Best

‘.’\n?élgglg ?.Eir;%?; for multiple Result and observe Set fixed Budget Run simulation for Productmn result and

inputs component component trends chosen ratio QObserve calculate
sizes Pick Optimal trends LCOE

Figure 4.7: Flow chart of techno-economical Method overview

The methodology consists of two loops, which are described in the two following sections of
"Initial component size optimization” and "Budget based component ratio optimization”.

4.5.1 Initial Component Size Optimization

When the simulation method is performed, the system is efficiently constructed based on
dimensions, making it possible to run for the full time period. By avoiding bugs and crashes
as well as unrealistic appearances of the plots, reasonable orders of magnitude of the different
components are identified during model exploration.

Using this, to further optimize the system, the capacity of all components but one is fixed to
find the optimum of production depending on the price of the component. Here, the price
of a range of component sizes is simulated around the initial component size of the model
construction seen in the third step from ﬁgurc This methodology is made for all different

components, with some small differences, as derived in the following sections.

To do this optimization for batteries, linear prices cannot be assumed as it depends on both
the power output and cycles. The following equation therefore gives the actual price on the
battery, which has to be modelled for different scenarios.
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Pricebattery/year = BESSprice/kWh * BESSlifetime (45)

Here, BESSprice varies depending on the size of the battery, as smaller batteries require a
higher rated power output and are therefore more expensive per kWh installed. Furthermore,
a smaller battery undergoes more heavy deep-charge cycles and is therefore faster worn down,
leading to a shorter lifetime and therefore to a higher battery price. Therefore, for battery
calculations, it cannot be scaled linearly, as the price per kWh of the battery depends on the
installed capacity itself. For the battery, the counter mechanism described in section
is used to identify the useful lifetime. In contrast, for the electrolyzer, which is assumed to
scale linearly with respect to properties and lifetime, the equation is seen in figure

Pricecomponen: = €apacitycomponent * Price/kWeomponent (4.6)

When the system instead is optimized based on the optimal wind and solar ratio, instead of
one variable, it is optimized for two variables of different prices. To do this, the total price of
the generation technology is fixed, while the economical ratio between the installed capacity
of wind and solar is varied. Therefore, the sum of the cost for the installed wind and solar is
constant and calculated using above. The simulation is then run, fixing the total cost for
generation and applying different ratios of installed capacity to maximize the production.

To find the most beneficial size of the installed component as illustrated in the fourth step in
figure the revenue for the different sizes of the component can thereafter be calculated

as seen in equation

Revenueyyarogenjyear = ExportedH?2,,,, * Tar getprice 4.7)

The difference between Price omponent/year and the revenue from exported hydrogen is then
calculated for the different sizes of the components, and the highest production is therefore
the most economically viable according to the equation,

Optimum = max(Revenuesoanydrogen — Pricecomponentiyear) (4.8)

The result of this can be furcher plotted for the different scenarios of component sizes, to find
the size which brings the maximum value for the analyzed project setup. The same analysis
is carried out for different installed capacities, to have an estimate of sizes.

Checking Independence

To further check for the independence of the previous input, the method is carried out over
and over again seen in the first loop in method varying the installed capacity of a new
component and using the optimum of another setup. Based on this, the ratios are tested
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4.5 TECHNO-ECONOMIC SYSTEM OPTIMIZING METHOD

for other dimensions of the components. The more independent situations tested, the better
outcome. This is because situations far from the economical optimum above need to be tested
to make sure that there are not only detected local extreme points but also the optimum of
the total system.

4.5.2 Budget Based Component Ratio Optimizing

When the best option of reasonable dimensional ratios from the methodology above is found,
the total cost of the main components is fixed, consisting of the electrolyzer, BESS, SPP, and
WPP. The costs of the other components of the system are not considered at this stage of the
analysis, as they are assumed to be the same for all ratios of the four components above.

From this stage, a trial-and-error method is further carried out to test different ratios in
which the total budget of the project is fixed starting in the fifth step in ﬁgur Instead
of maximizing the revenue, at this stage simply production can, therefore, be maximized.
To do this, the economics of the main components is plotted in pie charts to get a visual
presentation of the economics when analyzing the result in step seven in ﬁgure The
result is then analyzed for every tested ratio to test new ratios in the second loop of figure
If a positive correlation of a certain mix is discovered, similar mixes are tested to look for
combinations of even higher production. During this process of trial and error method, it is
also explored if some ratios between certain components can be identified to have a scronger
correlation and impact on the system than others. For example, the overlap in generation
and cost between WPP and SPP in theory has a great impact on when the power generation
occurs, which can affect the system a lot.

To do this efficiently for initial investigations, the main components are identified only con-
sidering the CAPEX costs. Based on these costs, the optimal ratio of the components can be
found for a fixed budget. Later, the same methodology can be made including CAPEX and
OPEX, both considering an interest rate of 8% and 0% for 30 years of simulation. Here, the
different economic analyses are always based on the previous results of establishing a fixed
budget and maximizing production.

When as many tests as possible are performed, and all the results are collected for the dif-
ferent scenarios, the best ratio found is presented in the final step of figure which is
heavily dependent on the assumed prices for the different components. Further, the total
cconomics of the system can be presented in a table of CAPEX and OPEX, including the
other components of transmission, storage, DSP and port.

4.5.3 Site Dimensioning

The methodology used to select a location for the SPP and the WPP was to first look at
the global wind and solar atlas maps in figures and to identify potential areas with
good wind and solar conditions. When an overall area has been identified, a more detailed
area is selected by taking many criteria into account according to the site selection processes
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described in Sections and The method of selecting a suitable area for the rest of the
components in the system is to place them as logistically favorable for the project as possible,
without interfering with the local residents. Later through "on field" studies through Google
Street View is brought out to identify SPP locations which together with site selection work
of offshore wind to be placed on a map using Google Earth.

4.6 Final Economical Analysis Method

When the system is designed and the simulation results for one year are extracted from the
model, the expected economic outcome can be listed for the project after its full lifetime to
analyze the advantages and disadvantages of investments for different scenarios. Initiaﬂy, the
full economics of the CAPEX and OPEX of all components are shown as pie charts to see the
ratio of economics.

In addition, the LCOE-method stated in Section2.4]is used to calculate the levelized cost of
energy for the result of different energy carriers. It is important to note that all prices should
be considered when calculating the LCOE for the chemical energy carrier, whereas the prices
for the energy carrier production and storage are excluded when Calcu]ating the LCOE for
electricity.

4.6.1 Economic Assumptions

This masters thesis includes a range of economical assumptions as follows.

The price for the floating wind turbines is assumed to reach today’s cost for fixed foundations
by 2035; this assumption is made because the technology otherwise is not expected to be
competitive for a P2X megaproject app]ication.

All the CAPEX and OPEX prices are scaled linearly and are therefore assumed to be indepen-
dent of the size of the technology for all technologies apart from BESS. This is done because
of scaling simplicity, where the economical methodology would be much more complex oth-
erwise, redoing the economical calculation for every tested setup.

All economical prices are forecasted, although there is a slight variation depending on which
year is taken, the prices are assumed to be valid for year 2035 as well.

OPEX and CAPEX of power electronics except for cables, such as DC/DC converters, are
also assumed to be included in the respective main components of the system.

For all components apart from the BESS, which is cycle-dependent, a lifetime of 30 years is
assumed for simp]icity Teasons.

The price of decomissioning the project is not accounted for in the project, as it is hard to
forecast the value the components have on the market after 30 years. Furthermore, since many
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of the technologies are newly developed, there is very little information on decomissioning
costs after the project life.

The ratio optimization is only considering the 4 main components. For most components,
this does not have an influence on the optimum as a fixed cost is added to every model.
However, the price of an electrolyzer is directly related to the HB size, which means that the
expenditure of the electrolyzer component in the optimization should be greater, assuming
ammonia production is selected.

In addition, expenses are not included for the city itself. Residents are assumed to pay for
their own needs as in a normal city. However, extra expenses for DSP and electricity in the
area are covered, as the circumstances are special with the location of the city in the desert
without a water reservoir or electrical grid.

4.7 Input Correction Method

At this point, the methodology built to meet the objectives of the master thesis is executed.
However, to work through the entire methodology takes a lot of time, and to redo all steps
in case of found errors is very time-consuming, as validation of the final results only can be
done when the entire methodology is brought out, where steps are direct dependent on the
previous method step.

Inputs can therefore, when analyzing the final results, be changed to redo specific steps of
the methodology, which generate interesting findings although the accuracy of the results
can be criticized. For the first experimented method in this master’s thesis, the analyzed
results presented in Chapter 5 showed some unrealistic values for capacity factors, and certain
efhiciencies could be criticized after comparing LCOE values and production with theory.

For the setup, the capacity factor of the initial dataset used had to be increased to match the
values of the case study of Port Nolloth in South Africa in Section To scale up the input
values for Wind and solar Power generation presented in the wind speeds are scaled lin-
carly until the total yearly generation matches the value given from the theory in Section
In the same way, the solar power generation also given from the simulation method is furcher
linearly scaled to match the total yearly power generation also stated in However, for
both generation technologies, the electricity production should not exceed the rated power.
In addition, the efficiencies stated in the literature study are also changed to match other
sources for the efficiency of the fuel cell and electrolyzer, which can be directly integrated in
the model.
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Chapter 5

Results

In this chapter, the results are presented. The structure mirrors that of the methodology
section, initially introducing the identified components and then selecting and sizing these
components for the chosen case study. Secondly, we discuss the system’s performance over a
full year and the results for the full project lifetime.

5.1 Research Results

In the literature study, all key components and their technological alternatives are identified
for the system. The main technologies identified together with the main arguments are listed
in table In the table, the components of the literature study are summarized, with their
main advantages and disadvantages for a P2X project application. In addition to the infor-
mation stated in the table, the fuel cell uses reversible electrolyzer technology as presented

inB.63
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Table 5.1: Overview of the researched technology with pros and
cons, and identified components of interest in the simulation.

Mono Poly Inland Fixed Floating Lithium Supercapacitor
High efficiency, Low efficiency, . Cheapest, Size Cheaper, restr\cted. by Most expensive, suwt.\b\e Cheaper, less cycles, E.xpenswve, more cyc\.es,
limited, worse wind  depth, less good wind ~ deep water,good wind  less power density, low high power density, high
More expensive Cheaper i
conditions conditions conditions discharge rate discharge rate
Ammonia Hydrogen PEM SOEC Alkine

Suitable for storage

and transport, active More efficient, Const input, high Constant
] Variable input, low ]
market, less efficient, Cheaper, high market . efficiency (if thermal input,Cheapest, low
) efficiency,expensive ]
more expensive, possibility, clean input), expensive efficiency

pollutants

DsP

Low losses, subsea
suitable, DC
components

Main technology Depend on Carrier, most
available availible chosen

Port
Pier only alternative

5.2 Case Study Model Inputs

In table the main characteristics of the South African Case Study Section are listed
that are relevant for the construction of the P2X model. Apart from all these specific charac-
teristics, the case study is identified as attractive for a range of other national reasons such as
industrial expansion and similar that is also stated in the South African Case Study section.

Table 5.2: Site specific input for Port Nolloth

Port Nolloth
Wind Solar Water demand/supply City and Industry Export
There is no nearby water
reservoir but great asset of salt
water, D5P production is
needed. Neither there is any
agriculture possible with local

Average wind  Desert climate makes
speedsinthe location very suitable
region is high, for solar, temperature
offshore power along coast are good
curve is shifted  because of atlantic

City and Industry for the site are Export possibilities by
expected to be normal ship are good

climate, so agriculture needs

to the night climate . i
excessive production.
Model Input
Romanian data scaled by .
i . i Constructing own
20 km offshore . 200 lfday x 10 coo expected industrialized city energy .
10 km inland . i port, average ship of
Renewable L inhabitants + gl per produced use,scaled to 10 ooo people .
. renewable ninja data i . 100 m possible any
ninja data kg H2 +100|[sto agriculture  consumption. 5oMW baseload y
ime

from industry and port operation
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In figure 5.1} the power variability of solar and wind trends during an average day is shown.
The figure is based on the dataset used in the simulacions. In the figure, the trend of solar
and wind power output is seen for every hour of the day. From this, its clear that the solar
energy is matching the irradiance curve while the wind is more stable throughout the day,
with a dip countering the solar peak, and a peak in evening when solar power is lower.

0.06

Probability Density

12 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24
Hour of the day

e Wind  em——Solar

Figure 5.1: Comparison between the average wind and solar output

during for every hour of the day.

In addition, seasonal variations for the location of Port Nolloth for inland and offshore wind
conditions as well as solar conditions can be seen in the ﬁgure Here, one can see that for
solar power, the irradiance trend of longer days in summer (November-February) flattens out
the curve, as the days are getting longer, with the opposite trend during winter (May-August).
For the offshore wind power trend, the energy distribution is very similar for seasons, which
ends up in the same trend as for figure throughout the year. For the inland wind site,
the power availability is very different between summer and winter, with opposing trends.
Building a resistant system for such high seasonal variability makes dimension problematic,
as it leads to that ideal ratios of components being very different from summer to winter.

Probability Density
o

Hour of the day

= WinterSolar SummerSolar er ing) ter FloatingWindSummer

Figure 5.2: Seasonal average power potential for every hour of the
day for both 20 km offshore and 20 km inland for Summer (Nov-
Feb) and Winter (May-Aug)
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By shifting the wind peak dataset by 6 hours forward to perfectly match the peak of solar,
or backwards, simulating maximum opposition one gets the result seen in table In the
figure, electricity production and fuel cell usage where the simulation is performed using the
final set-up from properties stated in the later investigated table In table one can
see that the operation of the fuel cell varies greatly with the overlap of the power generation
trend, which also results in a difference in total ammonia production explained by the fact
that less power needs to be converted. More overlap resules in less production and more
consumption, while the other way around has the opposite effect.

Table 5.3: The Fuel cell consumption and Ammonia production

change by 6 h wind data shift

NH3 Consumption NH3 Production
Minus 6 h 51% -2%
Plus 6 1'1 ’570() 200

Based on the performance of the system and the research results, the technology that is de-
cided to use for Port Nolloth is presented in figure where orange colour represents the
chosen technology. With local characteristics in combination with the technologies available
from the research result in section there is enough information to select the alternatives
that are most suitable for the site-specific characteristics of the P2X project.

For solar panels, polycrystalline solar cells are selected due to lack of space constraints, and
lower costs per MW installed for economic viability are prioritized. In wind generation,
floating offshore turbines are the only feasible option, as fixed structures are not viable given
the depth of the water. Onshore turbines are excluded based on logistical considerations and
the power shift stated in the previous figure. The electrolyzer uses PEM technology, chosen
for its ability to withstand variable loads, which is critical to the success of the project. Al-
though SOEC technology in combination with increased BESS capacity could offer higher
efhiciency, it is excluded because of the availability and cost concerns of BESS. In the choice
between ammonia and hydrogen, ammonia is preferred due to logistical advantages, being
casier to store and more suitable for export by ships. In addition, the initial market demand
for green ammonia is expected to be higher than that for hydrogen, which requires the de-
velopment of infrastructure for production and utilization.
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Table 5.4: Selected technologies based on site specific constraints,
model method and research method.

Mono Poly Inland Fixed Floating Lithium Supercapacitor

Cheapest, Size Cheaper, restricted by | Most expensive, suitible
limited, worse wind  depth, less good wind | deep water,good wind
conditions conditions conditions

Cheaper, lesscycles, | Expensive, more cycles,
less power density, low| high power density,high
discharge rate discharge rate

High efficiency,
More expensive

Low efficiency,
Cheaper

Ammonia Hydrogen PEM SOEC Alkine

Suitable for storage
and transport, active More efficient,
market, less efficient, | Cheaper, high market
more expensive, possibility, clean
pollutants

Constant
input,Cheapest, low
efficiency

Const input, high
efficiency (if thermal
input), expensive

Variable input, low
efficiency,expensive

Cables DSP Storage Bank

Low losses, subsea
suitable, DC
components

Main technology
available

Depend on Carrier, most
availible chosen

Port
Pier only alternative

The specifications of the technologies decided are presented in Table In this table, the as-
sumed efliciencies for power conversion, sizes, as well as other necessary properties are stated
according to the information given in tablein the literature study. For BESS and HVDC,
the ef‘ﬁciency is stated for the maximum power, as the losses increase with the current accord-
ing to the loss equationmentioned in the electrical infrastructure section. The properties
of the offloading are dimensioned on the basis of a medium-sized ammonia carrier ship and
storage facility based on yearly maximum production, to generate viable offloading intervals,
with a margin for logistical errors. The combined efficiency of Ammonia production, stor-
age, and offloading is taken from the combination of Haber-Bosch and electrolysis, as stated
in the literature study. The area of space-wise minor components is stated in the report as
standard factory slots. With the assumption that each such slot requires a space of 1 ha which
is reserved as a minimal size for the components. In the figure, the chosen technology and its
competitive alternatives for the Port Nolloth case are illustrated as follows.

Table 5.5: Technological Details

Technology Efficiencies ‘ Properties
Photovoltaics 23.3% 43m?/kW Polycrystalline
Floating Turbines | Not applicable for | 10 D spacing 15 MW Turbine

model
Li ion BESS 95% (Max Power) Std. factory (1 ha) Max Power: 250 MW
1(\11311:]1134?;?}(31;1 coon 65% Std. factory (1 ha) Direct Conversion
NH3 Storage Integrated above 25,000 ton Refrigerated
Offloading Integrated above 300 m pier 10,000 ton
HVDC LOSSES 2GW: Length of cable éi\;Iz)/Ol]?‘(/:DC)

.44 %/1000km *

(R=0.0072 ohm/km)
DSP 70% Std. factory (1 ha) Constant Prod.
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5.3 Techno-Economical Model Optimization

In this section, the ratio of the four main components of the system (WPP, SPP, BESS, and
Electrolyzer) is optimized for hydrogen production although, according to Table|5.4{ammo-
nia production is stated. However, this is not a problem, as all hydrogen derivatives are di-
rectly dependent on hydrogen production, the findings regarding the ratio of the components
can be applied to other hydrogen-based energy carriers such as ammonia. The optimization
is therefore not made considering the added cost of HB, which in reality is increasing expen-
diture for the electrolyzer process.

The plots in Figureillustrate the results of the initial optimization of the system, focusing
on the variation in revenue and cost when altering one parameter at a time. The plot on
the left shows how revenue changes with different installed capacities of the electrolyzer (in
GW). As installed capacity increases, revenue initia]ly increases, reaching a peak before de-
clining. This shows that there is an optimal electrolyzer capacity, which maximizes revenue
considering both production and installation costs. The right plot depicts the effect of vary-
ing the installed MW ratio of solar to wind energy on the revenue. For this specific example
presented to have an understanding of the method, revenue increases with the solar-to-wind
ratio, peaks at 0.6, and then decreases, and the best possible ratio is identified. Observe that
the two examples cannot be compared to cach other, especially regarding project profit, as
the different setups have different total economical setup.

In both plots, only one parameter is varied while all other variables are kept constant. This
approach helps identify the optimal points for each parameter in terms of revenue generation.
By isolating the effect of each variable, the analysis provides a clear understanding of how
different configurations impact the economic performance of the system. This is the first
step in finding the optimal optimized system.

4.3E+09 9.6E409

4.2E+09 0.4£400

4.1E+09 0.26400

4E+09 oF:00

3.9E+09 8.8E409

Revenue (dollars)

3.8E409

Revenue (dollars)

8.6E+09

3.7E409 8.4£409

3.6E409 8.2E409
0.8 1 12 14 1.6

Electrolyzer
Installed Capacity (GW) MW installed Ratio (Solar:Wind)

0 0.5 1 15 2 2.5

Figure 5.3: Initial optimizing for specific situation gives perception
of sizes.

When an initial ratio investigation is done by varying different components for a variable
budget, the step forward is to fix the budget while varying multiple components. The figure
displays the results of 16 different simulation setups, showing the accumulated hydrogen
production over a year. Each line represents a different setup where multiple parameters have
been adjusted while keeping the budget constant. The x-axis represents the time in megasec-
onds (Ms) over a full year, and the y-axis represents the accumulated hydrogen production
in Kg. Variations in the slopes of the lines indicate seasonal changes in power production. A
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flatcer middle section of a line displays lower hydrogen production during the winter, while
steeper slopes at the beginning and end of the year indicate higher production rates during
the summer. This pattern highlights the seasonal dependency of hydrogen production in
these setups.

It is crucial to distinguish this plot from similar ones for ammonia production. Although
optimizing hydrogen production also affects ammonia production, ammonia has different
efficiency and heating values, resulting in significantly lower production rates. This figure
specifically focuses on hydrogen production and should not be confused with ammonia pro-
duction plots, but the same argument of appearance of the curves applies. The primary pur-
pose of this figure is not to find and compare individual outputs but rather to measure the
variability of hydrogen production across a large variation in the ratios of the installed sys-
tem components. By comparing the different setups, one can assess how changes in system
parameters affect the consistency and reliability of hydrogen production throughout the year.

1.2e+08 4
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Figure 5.4: Exported Hydrogen for all ratios tested in Capex method

To further illustrate the complex methodology, the results of 17 selected simulations of dif-
ferent ratios from the previous figure are presented in Figureshowing the economic ratio
of the 4 main components of the system and its connection to production. This result for
this stage only considers CAPEX costs for overall understanding of the relations. The re-
sults are sorted after production, where the x-axis represents the chronological test number,
corresponding to different simulation setups. The left y-axis shows the share of each compo-
nent considering total CAPEX economics for Electrolyzer, BESS, Solar, Wind, assuming the
main 4 components account for the total economy, which is fixed for all simulation setups.
The right y-axis displays the hydrogen production. Each colored line indicates the share of a
specific component, and the orange line represents hydrogen production. Observe that only
the actual data points should be interpreted as the resules in the figure, as the plot is not of
a continuous time scale. Where connective lines are only present to identify trends.

From this figure, it is evident that there is significant variability in the share of each com-
ponent across different tests, with wind and solar power showing the most fluctuation. As
stated in the initial phase of the techno-economic optimization method in section cor-
relations between different components were explored. One example of such discovered cor-
relation was the ratio of solar power and electrolyzer, which can be seen following approxi-
mately a 1:1 ratio in ﬁgure This is also logical, since a higher ratio of solar power means a
higher peak power output, which favors an electrolyzer with higher rated power. In contrast
to this, the WPP does not follow the same correlation with the electrolyzer, as can be seen in
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figure since its output power during the year and during the hours of the day does not
have as high peak power output, and therefore it is not necessary to have an electrolyzer with
higher rated power.

The Electrolyzer and Battery shares remain relatively stable. Hydrogen production increases
with certain configurations, but does not show a straightforward correlation with any single
component’s share. This lack of a clear pattern is one reason why a trial-and-error method
was employed, as finding the optimal ratio for cach component does not directly translate
to increased hydrogen production. The main result of this method is therefore that very
different ratios of components ended up in very similar hydrogen production. The large
variation in the result for similar compositions also illustrates the difficulty of finding an
optimum in a system with many variables.
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Figure 5.5: Ratios for 16 test setups with fixed CAPEX budget for
the main 4 components.

For the best alternatives with the highest production, furcher analysis was performed to test
the impact of OPEX by running 6 simulations presented in These results resemble those
with the highest production when considering an interest rate of 0 % where the total costs are
still fixed as in the previous method. However, a new higher budget was set when including
OPEX, which explains the higher produced hydrogen numbers seen in figure meaning

that it is the ratios of the components that is important in this figure.

The plot has the same appearance as ﬁgure This analysis reveals that OPEX was signifi-
cantly higher for certain components, with electrolyzers and wind turbines being particularly
costly. As a result, the focus shifted to solar power as a result of its lower OPEX. According
to this method, when considering an interest rate 0%, wind energy showed a slightly higher
economic share than solar.

The outcome of these economic analyses, as depicted in the figure, indicates that all optimal
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configurations incorporate both solar and wind power. This suggests a balanced approach
to harnessing the strengths of both renewable sources to achieve the most cost-effective and
efficient production setup.
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Figure 5.6: Ratios for 6 test setups with fixed budget of CAPEX and
OPEX 0% interest rate for the main 4 components.

Finally, an interest rate of 8% was included in the analysis and several simulations and op-
timizations were carried out to optimize the previous result but calculating for a new fixed
budget to meet the same installed ratios. None of the new installed capacity ratios exceeded
those from the previous analysis, the best ratio found is for the new analysis the same as before
as seen in ﬁgure and in this stage the ratio of the best optimized alternative is decided.
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Figure 5.7: Ratios for 3 test setups with fixed budget of CAPEX and
OPEX with 8% interest rate for the main 4 components.
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5.3.1 Dimensioning Overview

Based on the above techno-economic optimizing method, the optimal ratios of the main four
components have been determined and are presented in the fifth column of the table In
addition to the forecasted CAPEX and OPEX derived from the previous dimensioning, these
are supplemented with economic values according to table 3.1)in the literature study to fur-
ther calculate the final CAPEX and OPEX for the installed components. Unlike the previous
analysis, which considered only four components, this comprehensive table includes all com-
ponents of the system. The sizes for components are stated according to the information
provided in the case study model input and techno-economic dimensioning, which are listed
in column 5. The cost of OPEX for 30 years at an interest rate of 8% is also calculated accord-
ing to the present value of the annual cost theory explained in Section

Table 5.6: Final economics and sizes of system components.

DSP 3968254 1095000 $/MW 2.2 8.73E+06 1.42E+06 1.60E+07
Solar farm 500000 13000 $/MW 3044 1.52E+09 3.96E+07 4.45E+08
Wind farm 2100000 89000 $/MW 660 1.39E+o0g 5.87E+07 6.61E+08
Electrolyzer 650000 40000 $/MW 1835 1.19E+0g9 7-34E+07 8.26E+08
HB converter 241475 3622.125 $/MW 1840 4.44E+08 6.66E+06 7.50E+07
BESS 270000 2500 $/MWh 900 2.43E+08 2.25E+06 2.53E+07
Cables Transmission 700000 o $/Km 80 5.60E+07 o o
Cable Submarine 3120000 o $/Km 20 6.24E+07 o o
Desalinated water storage 100 o $/m? 25000 2.50E+06 o o
Ammonia storage 1.04 0.0312 $lkg 25000000 2.60E+07 7.80E+05 8.78E+06
Offloading port and equipment | 1.6E+o7 160000 $/300m berth 1 1.60E+07 1.60E+05 1.80E+06

In table the total costs after the project lifetime of 30 years for the present value are
presented. In the first row, the total CAPEX and OPEX as well as the total cost are stated
for all system components with an interest rate of 8%. Secondly, the same information is
calculated excluding the costs of HB, electrolysis, and ammonia storage, to present the cost
of an alternative project setup solely producing electricity. The added cost for the conversion
of power to ammonia therefore account for 37% of the total costs in addition to the costs of
energy losses. This makes it clear that to have efficient energy usage for nearby industries,
the most viable option is to directly use electricity as a power source if the demand is flexible
and there are no other restrictions.

Table 5.7: Final economics for CAPEX and OPEX at the project
lifetime of 30 years for a interest rate of 8%.

4.960E+09 2.060E+09 7.020E+09

3.297E+09 1.150E+09 4.447E+09
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5.3 TECHNO-ECONOMICAL MODEL OPTIMIZATION

The CAPEX and first year OPEX columns from the table are presented in pie charts
in figure Each segment of the pie charts represents the proportion of the total cost at-
tributed to each component, providing a visual representation of the cost structure. These
costs include all components, although the labels are only stated for the main 5 as the shares
of the rest are too small to identify in the chart, with a combined cost of less than 5%. This
provides a breakdown of the economic distribution for all main components, which clearly
states that the main 5 components holds the main cost considering both CAPEX and OPEX.

Capex

\\‘

Opex

= Solarfarm  ®Windfarm  ®Electrolyzer 8 Ammonia converter BESS mSolarfarm  WWindfarm  MElectrolyzer W Ammonia converter M BESS

Figure 5.8: Capex and 1 year Opex of the final optimized setup for
all system components.

In addition, the total economics of the project, including 30 years of operation, are presented
in the pie charts in ﬁgure This considers the present value for 30 years with an interest
rate of 8 % taken from Table This figure shows very similar results to the CAPEX pie
chart presented above.

Present Value total Cost

m Solar farm ® Wind farm W Electrolyzer W HB converter W BESS

Figure 5.9: Total economics considering 30 years of operational costs
at an interest rate of 8% and initial CAPEX costs.

The result of the total cost and CAPEX plot looking very similar, are investigated through
looking at the relation between CAPEX and OPEX for a lifetime of 30 years for the different
components. In the CAPEX:(CAPEX + OPEX) ratio of the main 5 components, shown in

table the CAPEX represents a similar share of the total economics for the five main
components. If these ratios were identical, the total cost and CAPEX plot would be identical.

Table 5.8: Economical Ratio for the main 5 components

Wind HB
Solar farm " Electrolyzer BESS
farm converter
CAPEX:(CAPEX+OPEX) 77% 68% 59% 86% 91%
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5. RESULTS

5.3.2 Power-to-X Setup

At this stage, the dimension of the components in Table is combined with the techno-
logical arca coverage o to obtain the area coverage of the specific components of the site

stated in[5.9]

Table 5.9: Site Speciﬁc component area coverage

chhnology ‘ Dimension Area coverage

Photovoltaics 3044 MW 43m? kW 13.1km?
-4x(3.28km?)

Floating Turbines 660 MW 44 turbines with | 180.1 km?

10 D spacing

Offloading 1 pier 300 m/pier 300 m

HVDC 80+20 km Length of cable 80+20 km

Pipelines 600m Length of pipe 600m

Li-ion BESS 900 MW Std. factory 1 ha

NH3 Production (PEM+HB) | (1840+1835) MW | Std. factory 1ha

NH3 Storage 25000 ton 34246 m® 33%33%33 m’ =
Std.  factory (1
ha)

DSP 22 MW Std. factory 1ha

DSP tank 25000 ton 25000m’> Std. factory (1 ha)

Figureshows a screenshot from the "on-site" investigation made in Google Earth to iden-
tify suitable areas. From the Port Nolloth, South Africa case study in sectio one can see
that there are major expansion possibilities. Both for generation, where Hexicon states that
there is water suitable for wind power generation of up to 26 GW presented in section
as well as P2X production and other industries interested, as seen in Figure m

Figure 5.10: Picture of the landscape from a location outside of Port
Nolloth.
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5.3 TECHNO-ECONOMICAL MODEL OPTIMIZATION

Following all the constraints discussed in the selection of the wind and solar generation site
from the literature study in Chapter 3 and combining this with the site-specific characteris-
tics of the South African case study section the proposed site of the project is made in the
Port Nolloth area. By further combining the "on-site" observations through street view such
as the observations seen in F igure suitable sites for respective components are identified.
Based on the coverage of the component area seen in Table the locations of the different
components are identified, where a detailed view of the Port Nolloth area is shown in Figure

PV Park 1

Ideal Area Coverage:
1.82 x 1.82 km
Not considering spacing
in between panels

" 'NH3 Productior'l"‘

NH3 Sto’fé“ £,
. DSP-Storage q

N

‘ Batteries
. DSP.Plant

2023-10-31 900 m

Figure 5.11: Port Nolloth overview of production plant
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5. RESULTS

In addition, a zoomed-out map of the region with generation sites is seen in Figure
where the solar and wind generation area coverage is presented in Further, one can see
that the solar area coverage is divided into four parks marked as black and the Hexicon site
selection work is linearly scaled down from 60 to 44 turbines marked as yellow.

Figure 5.12: Region overview of generation sites
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5.4 SIMULATION RESULTS

5.4 Simulation Results

In this section, the simulation results for the location of the Port Nolloth case study are
presented. The simulation is run with a time step of 10 seconds for the renewable ninja

dataset from 2019 with the key dimensioning inputs from the tables and

The sum of the wind production for the 44 turbines varies from zero to the rated power as
seen in the figure Looking at the graph a profile of the production matching theory
can be seen. At first glance, it can be interpreted as that generation is fluctuating drastically
during the 20 day timeline, but looking at individual days, the trends smooth. The cut in
and rated power are clearly seen, where the production suddenly is capped at 640 MW and
started at 0 MW. Observe that the trend is somewhat smoothed by the delay of the wind
integrated in the model, whereas this graph should not be compared with wind profile of a
single turbine at the site.

—— Measure_Wind.p
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Figure 5.13: Wind production for 20 days

In figure the power generation for the 3044 MW of photovoltaic can be seen. The peak
for these specific days in mid February is just above 2000 MW, and during night there is no
generation. For the plotted 5 days the data illustrates perfect irradiation curves as seen in
the blue curve. One can see that the temperature affects the power output of the solar as the
height of the curves otherwise should slope downward and that cloud interference is low for
these specific days. To not overpower the system during peak hours where combined with
wind, a fraction of the energy is curtailed, as seen in the red curve. The red curve is therefore
the actual power output for these days. One can clearly see that the curtailment works as it
should. First, a limited curtail occurs, where the battery power is capped to 200 MW further,
when the battery reaches 85 percent, the full curtailment is activated, not letting any more
power into the battery.

39



5. RESULTS

Measure_ SsPP_Control.u
2es00 ] \ \ ‘ \ \

1.5e+09

1e+00 +

S5e+08 -
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46 47 48 49
fime (d)

Figure 5.14: Solar Production for 5 days with curtail

For the whole year, the output of wind and solar production is illustrated in the figure
below. Wind production for the full year fluctuates between the rated power and zero, with
no clear difference in the seasonal trend. For solar production, a seasonal trend is clearly
visible, where it perfectly matches the yearly irradiation curve. Observe that solar production
is curtailed as explained in the graph above, whereas the power for the peak irradiation has
the potential of being even higher. In this ratio, in general, solar energy represents bulk
production, whereas wind energy is used mainly to support the electrolyzer during nights

Hhm H“‘ il

and winters.

—— Solar —— Wind

Energy Production
2.5e+09

Watts

T T T T T T T
0 50 100 150 200 250 300 350
time (d)

I
H\ \ /M AT ’i.m'\\leM Al

Figure 5.15: Solar and Wind power plant production during one
year.
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5.4 SIMULATION RESULTS

Further, the city and other industrial activity in the region is constantly drawing power as

seen in figure In the figure, a base load plus variable daily consumption is seen varying
from 65 to 80 MW. This is built on a constant 50 MW from industries and consumption data
for the scaled and mirrored (for hemisphere difference) Romanian dataset. It can be seen that

during the night consumption is low, and during the day it increases, with peaks for morning

and evening. Matching the example in figure in the literature study.

—— City + Industry

City + Industry Load
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Figure 5.16: City and industry demand during 20 days

T
325

For the full year, the trend is seen in figure The overall consumption trend is that people

use more energy the colder season it gets, which validates the data set as energy consumption

is higher the colder and darker it gets.

—— City + Industry

City + Industry Load
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Figure 5.17: City and industry demand for the full year.
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5. RESULTS

The water production in the DSP plant is seen in ﬁgur together with the water con-
sumption. One can see that the stable production rate of 155 /s is consumed with a variable
consumption based on the operation of the electrolyzer, which consumes between 0 and 801/s
by consuming 9 I per kg Hydrogen produced. Consumption also consists of a constant draw

of 100 /s for agriculture and 200 | per person per day from residents, as stated in tabl

—— Consumption —— Praduction

Water Production vs Consumption
3004

200

100

Liter

-100

-200 T T T T T T T T 1
0 30 100 150 200 250 300 330 400
fime (d)

Figure 5.18: Desalinated water production and consumption

The main load in the system, which is the combined electrolyser and Haber Bosch process,
is seen in figure together with the total power production in the system. The red area
seen in the ﬁgure is, therefore, curtailed or used to Charge a battery or use domestic energy.
In the figure, one can sce that the capping mechanism of the electrolyzer works as intended,
by never exceeding 1835 MW, and that the trend of the very variable wind can be seen by the
"spikes" during the summer months exceeding the solar power generation.

—— Total Power Production —— Electrolyzer Power
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Figure 5.19: Total power potential vs electrolyzer+HB production
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5.4 SIMULATION RESULTS

Most of the power exceeding the rated power of the electrolyzer is curtailed. The cumulative
power for the entire year is shown in figure together with the energy generation from
the wind and solar production plants. In this graph, it can be seen that there is simply no
curtailing during the South African winter, where the solar peaks are lower than the rated
power of the electrolyzer.

Looking further into the figure, one can see that the power generation trend looks differently
for wind and solar throughout the year. Looking at the steepness of the red curve the solar
power produces much more during summer and the wind produces almost constantly over
the year, with little seasonal variation for the Port Nolloth site. Looking at the end value of
the cumulative graph Annual Energy Yield (AEY) values are seen. The AEY of solar energy
generation is 4035 GWh, and for wind energy generation its is 2292 GWh and from cur-
tailment it is 410 Gwh. The percentage of energy curtailed is given by dividing curtail with
generated power and is 6.5 percent. Using the equation for capacity factor stated in literature
study equation the capacity factors for the solar and wind power generation are according
to following calculations,

2292

CFwind = m = 0.408 (51)
4035 + 410
CFSolar = m =0.168 (52)

—— Solar == Wind = Curtailed Energy

Produced and Curtailed Energy
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Figure 5.20: Cumulative produced power of Solar and Wind as well
as total curtailed energy for the full year
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The state of charge of the battery that ranges from 0.9 to 0.1 for the entire year is shown in
figure The performance of the battery vary greatly between seasons, where it is mainly

regulated upward during the summer months and downward during the winter months.

—— Export Hydrogen —— storageUnit11.s0CL.y
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Figure 5.21: SoC for the BESS for the full year

This trend can be exp]ained by 100king at a zoomed version of the graph seen in Figure
where both voltage regulating up and down is seen for a period of 20 days. During winter,
the photovoltaic system cannot produce enough power to supply the full installed capacity
of the electrolyzer. Therefore, there is no excess power available to charge the battery. The
system prioritizes ammonia production, which requires downward regulation. This is evident
in the graph where the SoC of the battery remains relative]y low and fluctuates with small
peaks and deep troughs, which leads to limited charging and frequent discharging. When
power production generates a net surplus, the electrolyzer controller prioritizes charging the
battery by slightly reducing hydrogen production. This results in an increase in the SoC of
the battery. As mentioned in the battery method [.2.6] the battery is used for peak shaving,
where the energy stored in the battery supports the operation of the electrolyzer during high
demand periods, following the logic described in the electrolyzer method When the
SoC is even lower, and there is a long-term deficit of energy in the system, mainly during
winter, the fuel cell is activated to produce electricity, compensating for the battery’s inability
to meet the power demand. This results in the observed deep troughs in the SoC graph during
winter periods.

In contrast, during summer, the photovoltaic system generates enough power to reach the
rated capacity of the electrolyzer, especially during the daytime, when solar power reaches
full capacity. During these periods, excess power charges the battery, causing the SoC to rise.
The battery begins to regulate upward, storing the surplus energy. At night, if wind power is
not sufficient, the battery is discharged to supply the necessary power. This behavior is seen
in the graph by higher SoC levels and daily charging cycles during the summer.
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5.4 SIMULATION RESULTS

Using the method described in the data collection block to determine battery cycles,
one can see that the lifetime limit of 5000 Cycles of the lithium battery is not exceeded while
having a higher production, compared to not integrating peak shaving where the battery is
used much less frequently.

—— Export Hydrogen —— storageUnit11.s0CLy
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Figure 5.22: SoC for the BESS 20 days

To limit the CAPEX of the battery, its power is capped at 250 MW as stated in table The
power outage over the year is seen in ﬁgurewhere the charging battery is negative power
while the discharge is positive. From the graph, some clear trends are seen. First of all, the
behavior of the battery is very different between summer and winter, as it is directly linked to
the state of charge. In summer (start and end of graph), one can see that the curtailing logic
works, where the battery is charged with a maximum of 200 MW. The battery is also drained
with around 200 MW, when the SoC is high. During the entire time series, the positive load
of around 80 MW is the city’s demand during nights with no wind or solar generation. The
higher negative peaks occur when the battery’s SoC is low and the power generated should
prioritize charging before producing hydrogen. During summer, the state of charge is lower
and battery operation is less, when the e]ectro]yzer rarely reaches its rated capacity.
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Figure 5.23: Power for the BESS not exceeding 250 MW for the full
year
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The fuel cell operation for the entire year can be seen in figure where it can be seen that
it starts frequently, but the power (maximum 90 MW compared to 1835 MW for ammonia
production) and the operating time is low. When the SoC of the battery is lower than 15%,
the fuel cell begins to activate the voltage regulation in the battery. The FC mechanism is
made to consume as little hydrogen as possible matched to consumption at every moment.

Fuel Cell Operation

80+07 -

4e+07 -

time (kh)

Figure 5.24: FC operation for the full year with maximum load of
90 MW

The total exported energy, which is the difference between ammonia production and con-
sumption, is shown in Figure In the figure, it is clear that the production is much higher
in the summer. Overlapping this graph with the figure it is clear that the solar genera-
tion flattens out during the summer, only managing to supply the city. Without wind power
during winter, there would simply be no ammonia production, since solar energy does not
provide sufficient power in winter. This underscores the importance of using wind energy,
in addition to managing the day/night shift presented in In the figure below, it is also
evident that the consumption of ammonia is only a fraction of the production, even when
a relatively small battery bank is used. Therefore, for this project setup, further optimizing
the battery expenditure is not prioritized, the consumption is 0.53% of the production. With
total export after 1 year of production of 720 Millions kg ammonia.
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Figure 5.25: Cumulative ki]ograms of ammonia produced during one
year.
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Further interesting to present is the a wasted energy graph in W Here, the energy lost
during the full year is illustrated. The loss of power in the system occurs in part by supplying
the system with power through the conversion of ammonia, but also through the curtailment
of existing power. In addition, it is evident that the energy lost by curtailing is much higher
than the energy lost by running the fuel cell where the lost power through the use of FC only
accounts for 15% of the lost power by curtailing.
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Figure 5.26: KWh of wasted energy from curtailing and the round
trip energy use of fuel cell operation

The offloading operation of the ammonia storage is seen in the ﬁgure which is the state
of charge of the Ammonia storage for the full year. The size of the offloading is 10,000 tons,
corresponding to a ship as stated in table The time between offloading varies between
15 days in winter (low production) and 3 days in the summer (peak production). For the
full year, 70 ships are therefore exporting ammonia from the project site. In the model, the
offloading starts when the SoC reaches 90 % although in reality they need to be planned in
advance. From this figure, the ammonia storage bank seems very over-dimensioned in the
simulation model. This is because of preparation for land-based infrastructure and energy
needs, where the idea is to have other offloading for local industries from which there will be
a higher consumption variability.
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Figure 5.27: SoC for the hydrogen tank for the full year.

The SoC of the DSP tank is affected by the DSP production and offloading mechanism. The
SoC results for the entire year are seen in Figure In the figure, there is slight over-
production throughout the year. This is needed because of comprehensive extra evaporation
calculations varying from year to year. When the stores are full, the DSP can be turned off,
or extra usage can be applied. Important to notice is that this assumes that no water can be
reused in the system, so the overproduction will be even higher in reality, when including
water treatment plant.
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Figure 5.28: SoC of DSP tank for the full year
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Lastly, a plot of the voltage in the system for the whole year is shown in figure In
the figure, small variations are seen, which are directly connected to the operation of the
battery that is balancing the system, where a slight delay in response leads to a voltage drop
or increase. The voltage is for the full year remaining stable at a level of 1 000 000 V +- 40
volt corresponding to a change of 0.004 percent.

Grid Voltage
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Figure 5.29: Voltage level of the DC grid during one year (V).

5.4.1 1 Year Result Summary

In table all the outputs from the data collection block are stated. This presents the
main simulation outputs after a full year of production. In the table, the total electricity
production is the sum of wind power, solar power and curtailed electricity. Wasted energy is
curtailed energy plus the losses from storing energy in ammonia to later be used in the sys-
tem itself. The electricity consumption of ammonia production is all electricity consumed
by the e]ectrolyzer + HB, which generates the ammonia production. The consumption of am-
monia occurs through FC operation, where the difference between these two is the exported
ammonia. The electricity usage of the city, BESS and FC electricity production is also stated.

Table 5.10: Ycarly Production Dara summary

Parameter Value Unit
Total electricity production (incl Curtailed) 6.73697 x 10° | kWh
Wind electricity production 2.29177 x 10° | kWh
Solar electricity production 4.03509 x 10° | kWh
Curtailed electricity 4.10118 x 10% | kWh
Wasted electricity 4.76381 x 10% | kWh
Ammonia Production Electricity Consumption | 5.65589 x 10° | kWh
City electricity Usage 6.69489 x 10® | kWh
BESS Bidirectional electricity usage 1.75063 x 10% | kWh
Fuel Cell electricity Production 3.01014 x 107 | kWh
Ammonia Production 7.2609 x 10® kg

Ammonia Consumption 3.904 x 10° kg

Exported Ammonia 7.22185 x 10® kg
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5.5 Final Economical Results for Project Lifetime

To have an idea of the final economics of the project, the LCOE of the production of Ammo-
nia, hydrogen and electricity are presented in figure togheter with the total production
volume of each energy carrier is presented. These prices are based on the values in Table
and a project lifetime of 30 years with an interest rate of 8%. The LCOE prices have been
calculated using the LCOE formula in equation [2.2| from Chapter 2. When calculating the
LCOE of ammonia, simply all CAPEX and OPEX stated in table are considered. The
same applies for hydrogen, although in reality the Haber-Bosch process should not be con-
sidered. However, extra costs of storage and logistics for cach respective energy carrier should
be considered, but in this case the total economics are assumed to be similar for the two dif-
ferent generation plants. When calculating the LCOE for electricity, the CAPEX and OPEX
of all technologies related to energy carrier production are disregarded, such as e]ectrolyzer,
haber-bosch, and ammonia storage.

Table 5.11: LCOE, LCONH3 LCOH for the full project life time

with interest rate of 8 percent.

Parameter Value
Produced Ammonia (kg) 7.21 x 108
LCONH; (§/kg) 0.865
Produced Hydrogen (kg) 1.02 x 108
LCOH ($/kg) 6.143
Produced Electricity (kWh) | 6.75 X 10°
LCOE ($/kWh) 0.059

5.5.1 Model Input Correction Results

The capacity factors calculated in Cquationandwas 0.408 for wind power and 0.168 for
solar power respectively. However, capacity factors of 0.56 for wind power and 0.24 for solar
power was discovered in the case study in Section In this Fo]lowing section, the result
from scaling the electricity generation data taken from renewable ninja to match the annual
output and capacity factors of the case study in section is displayed. In addition, the
ethiciency of the electrolyzer is changed from 0.72 to 0.8 (which leads to 0.72 for electrolyzer
+ HB) and the efficiency of the fuel cell is changed from 0.72 to 0.6 (leading to 0.54 fuel cell +
HB). Keeping the rest of the inputs from the previous results, the new outputs are presented

in Tablein the same way as for InT ablethe new values are stated together with

the old values and the percentual change.

Looking at the percentual change in the results, one can see that the change of capacity factors
has a clear impact on the power generated, for both wind, solar and curtailed power. Both
the power consumption and ammonia production increases due to increase electricity pro-
duction. However, the percentual difference between them is due to the Change in efﬁciency
of the electrolyzer. The city consumption is kept constant, while the fuel cell operation is
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lower, due to the higher availability of the wind during the night. The total output of the
adjustments deliver 35% more ammonia. Meanwhile, the power produced increases, and the
clectrolyzer and other components remain at the same capacity.

The optimized techno-economical method therefore would have to be remade for the new
inputs to find the optimal ratio, but due to time constraints it was not included in the scope
of this thesis.

Table 5.12: Comparison of Yearly Production Data

Parameter Initial Value New Value Change (%)
Total electricity prod (incl Curtailed) | 6.73697 X 10° kWh | 9.56857 x 10° kWh | +42.0%
Wind electricity production 2.29177 x 10° kWh | 3.21407 x 10° kWh | +40.2%
Solar electricity production 4.03509 x 10° kWh | 4.60561 x 10° kWh | +14.1%
Curtailed electricity 4.10118 x 10% kWh | 1.74907 x 10 kWh | +326.5%
Wasted electricity 4.76381 x 108 kWh | 1.81677 x 10° kWh | +281.4%
Ammonia Prod. Electricity Cons. 5.65589 x 10° kWh | 7.14184 x 10° kWh | +26.3%
City electricity Usage 6.6947 x 103 kWh | 6.6947 x 10 kWh | 0%
BESS Bidirectional electricity usage 1.75063 x 108 kWh | 2.17138 x 10® kWh | +24.0%
Fuel Cell electricity Production 3.01014 x 107" kWh | 2.62323 x 10" kWh | -12.9%
Ammonia Production 7.2609 x 10® kg 9.78057 x 10® kg +34.7%
Ammonia Consumption 3.904 x 10V kg 2.73355 x 10° kg -44.7%
Exported Ammonia 7.22185 x 108 kg 9.75321 x 108 kg +35.0%

The increase in ammonia production has a direct effect on the levelized cost of ammonia
(LCONH3), which together with LCOE and LCOH are calculated in the same way as before
and shown in Table The values are further compared to the previous ones by present-
ing the percentual change. As reasoned before, even though one can see a clear decrease in
the levelized costs of energy, using the new model inputs, the techno-economical optimizing
method would, as prevously mentioned need to be applied to have optimal production. Com-
bining the results from the two presented simulations although delivers interesting findings
and conclusions of the outcome of the project, stated in the discussion in chapter 6.

Table 5.13: Comparison of production and costs for the corrected
values for LCOE, LCONH3 and LCOH.

Parameter Initial Value | Corrected Value | Change (%)
Produced Ammonia (kg) 7.21 x 10% 9.75321 x 108 +35.4%
LCONH; ($/kg) 0.865 0.639322769 -26.1%
Produced Hydrogen (kg) 1.02 x 10% 1.444 x 108 +41.6%
LCOH (§/kg) 6.143 4.318178134 -29.7%
Produced Electricity (kWh) | 6.75 X 10° 9.5695 x 10° +41.8%
LCOE ($/kWh) 0.059 0.04127431 -30.0%
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Chapter 6

Discussion

6.1 Result Discussion

The results of the study provided several interesting findings that align with the objectives of
the thesis. The analysis was supported by various graphs and data visualizacions that illuscrate
the insights gained from our investigations. By building a simulation model to validate the
functionality of the system and then applying a techno-economic optimization method, the
potential for floating wind was thoroughly investigated in off-grid P2X megaprojects. In this
chapter, the results and findings are further discussed to lead to the final project conclusions.

6.1.1 Floating Wind Investment

The result of the economic analysis indicated that all the component ratios tested with the
highest energy carrier production both incorporate solar and wind power, even though the
LCOE value of wind power is substantia]ly higher than that of solar. There are several reasons
behind this. The wind conditions for the specific case study are quite unique, with properties
such as a power shift in the evening and relatively small seasonal variations. This makes wind
power a good complement to photovoltaic systems that have strong daily and seasonal vari-
ations, which suggests a balanced approach that harnesses the strengths of both renewable
sources to achieve the most cost-effective and efficient production setup. The more wind
power used, the stronger the effect of the power shift is, which apart from increasing ammo-
nia production and limiting fuel cell usage decreases the cycles of the battery, which is of key
interest for longer simulations where the BESS could have to be changed if 5000 cycles ex-
ceeded. The fact that the wind played a key role in the project could also be explained by the
fact that the electrolyzer had relatively high CAPEX and OPEX. Although the electrolyzer

consumption is elastic using PEM technology, the lost revenue from low-irradiance seasons
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further consolidates the need to install wind power, since most of the electrolyzer capacity
during summer otherwise is not used.

It was also discovered that the trend was not as strong for onshore wind conditions, further
strengthening the choice of using floating turbines instead of onshore. The choice of offshore
wind is also strengthened by its upscaling possibilities due to less area constraints at sea and
the logistical possibilities of larger turbine size, making the conditions favorable over land-
based wind. However, it could be criticized that the model does not include any share of
onshore wind, but the use of another component with different wind data and other CAPEX
and OPEX to include in the techno-economic optimization is out of the scope of this thesis.

6.1.2 Economical Method Evaluation

An interesting finding from the economical result is that although a failure was made by op-
timizing based on an interest rate of 0%, the optimal ratio still was the same when integrating
the interest rate of 8 %. This can be explained by the fact that initial optimization based on
CAPEX showed an economical ratio similar to the final results, including the interest rate.
However, when testing for an interest rate of 0% the results become unrealistic. However,
what this means is that it is possible that only local maximums around the tested combina-
tions of installed capacities are analyzed, missing the global maximum. A better alternative
would therefore be to include the interest rate from the beginning, but for this project there
was not enough time to do it. Important to consider is, although, that even though the results
might not lead to the optimal ratio, the main conclusions are still the same.

The reason why the CAPEX and Total economic ratios including the 8% interest rate for
the final economics showed similar ratios was because the similar OPEX:CAPEX ratio shifts
the installed capacity for different setups differently. A ratio with a high installed wind
capacity (with its high OPEX ratio according to Figure will now be less OPEX heavy due
to discounting. This makes it possible to install more solar panels while keeping the budgert,
for example. Because electrolyzers have a high OPEX ratio, and solar panels have a low ratio
and are coupled together for our simulation, the effects oppose each other, leading to very
similar ratios to what we observed before, ending up with a result close to CAPEX.

The fact that the model is ]inearly scalable can also be criticized when it comes to economical
optimization. Although using the methodology described, there is no alternative solution to
doing so in the scope of this report when it comes to optimization. One way to generate more
reliable calculations would be to redo the calculations based on the final dimensions. How-
ever, this takes the essence away from the striving toward simplicity in scaling the method
itself. It is important to consider that for the scope of this master thesis, achieving precise
economic accuracy is not prioritized in favor of building a tool which is scalable.
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6.1.3 LCOE Analysis

Comparing the capacity factors from our data shown in Equationsandwith the back-
ground data in Section our values of 0.168 for solar power and 0.408 for wind power are
substantially lower than the values of 0.23 and 0.56 respectively. For solar, this means that
the capacity factor is 27% lower than the reference value for the chosen site from the Global
Solar Atlas, and for wind power, it is 29% lower than the reference value provided by Hexi-
con. This discrepancy 1i1<e]y occurred due to errors in the dataset provided by the Renewable
Ninja. However, these capacity factors are not totally unrealistic, as the global average capac-
ity factor for offshore wind is in the same range, and for solar it is usually between 0.10-0.25,
as stated in the capacity factor section for both wind and solar power, seen in Sections

and 323

Further analysis reveals that assuming that the fuel cell uses the same efficiencies as the elec-
trolyzer can be questionable. Some sources show that the electrolyzer efficiency is generally
higher than stated in the simulated setup. However, since fuel cell consumption is very low
for the project, using more accurate numbers would not significantly impact the main out-
come. The prediction of future efficiencies for technologies such as electrolyzers is uncertain,
which affects the overall performance of the system.

Due to these inaccuracies in the model inputs, some of the simulations with the best results
were rerun with the new capacity factors and efficiencies, to focus on the economic output
of the project presented in Section This was done to understand the range of forecasted
LCOE values for such a setup. It is important to note that implementing these adjustments
means that the techno-economical optimization is no longer valid, so the LCOE-values are
expected to improve if all simulations are redone, and a ratio closer to optimum is found.

Although the inputs generating the main results are believed to be incorrect, the economic
results are discussed based on both the new simulations (without economic optimization)
and the old results. The levelized costs of hydrogen (LCOH), ammonia (LCONH3), and
clectricity (LCOE) from our results, shown in Table are compared with forecast ranges
and target prices from the literature study, shown in Table This comparison is essential to
understand the feasibility and potential impact of our production costs on the development
of future infrastructure.

The LCOH in our analysis is $6.14/kg, which is within the predicted range of $5-$8/kg but
higher than the government targets of $1-$3/kg. When adjusting the capacity factors, the
LCOH is $4.318 per kilogram, which is closer to the governmental targets. The original prices
can be interpreted as if the project was built in locations with wind and solar conditions
similar to San Francisco or northern Portugal. The new prices, after adjustments, are within
the range of what the prices are believed to be for the actual location, reflecting more accurate
and favorable economic outcomes for the project.

The LCONHS3 from our result is $0.87/ kg, which is within the predicted range of $0.475 to
$0.95 per kilogram by 2030. After adjustments, the price is $0.639 per kilogram, indicating

that ammonia production could be economically feasible in the near future.
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The LCOE in our analysis is $0.059 per kWh, slightly above the forecasted estimates of $0.03
for solar energy and $0.054 for wind. With adjustments, the LCOE is $0.041 per kWh, which
is more reasonable and falls between the two predicted values. Lower LCOE values are cru-
cial for the economic viability of hydrogen and ammonia production, since electricity is a
significant input cost.

Table 6.1: Literature LCOE Comparison with Initial and Corrected

LCOE
Parameter Initial Value | Corrected Value | Literature Range
LCONH; ($/kg) 0.865 0.6393 0.475 - 0.95
LCOH ($/kg) 6.143 43181 5-8 (1-3 target)
LCOE ($/kWh) | 0.059 0.0412 0.03-0.054

In summary, our analysis shows that the levelized costs for hydrogen, ammonia, and elec-
tricity production are within realistic and forecasted ranges, although some costs are on the
higher end. The gap between our LCOH and government target prices highlights the chal-
lenges ahead. Bridging this gap is vital for the economic viability of hydrogen and the de-
velopment of necessary infrastructure. The later analysis with higher capacity factors and
efhiciencies indicates closer alignment with the realization goals. Continued technological
innovation, material cost reductions, and supportive policies are essential to achieving these
goals.

The reasons why the location, which is expected to be one of the best in the world for solar
and wind power production, does not provide the cheapest energy could vary. The CAPEX
and OPEX prices are based on future price projections of other projects, which, of course, can
vary. Examining the total economic pie chart in Figure 5.9 shows that lowering the CAPEX
and OPEX prices for the main components would drastically affect the project outcome. The
pie chart indicates that certain technologies, such as electrolyzers and floating wind power,
are more expensive than others. This suggests that CAPEX and OPEX for specific compo-
nents, such as electrolyzers and floating wind power, have a significant impact on the overall
economic outcome of the project. Consequently, any cost reduction in these technologies
could notably influence the project’s financial viability. Economic optimization is also based
on a trial-and-error method, where more advanced calculations could yie]d better ratios and
lower costs. Additionally, the linear scaling of CAPEX/OPEX prices might not be valid
for the tested dimensions, as it might lead to higher prices than reality, where the effect of
economies of scale would apply.

6.1.4 Choice of Energy Carrier

Using our model for the Port Nolloth location in 2035, it was decided to focus solely on
ammonia production. This choice was based on factors specific to this location and the setup
of the project. However, it is worth noting that different locations and timeframes could lead
to the production of different energy carriers. For our P2X setup, ammonia was chosen due to
its case of export and established market. However, in other locations, factors such as nearby
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industries or pipeline options might make another energy carrier such as hydrogen a better
choice. It is important to note that the choice of the energy carrier that should be produced
is not set in stone. If the system is expanded or circumstances change, it is possible to casily
switch to producing hydrogen or another energy carrier. This flexibility ensures that we can
adapt to evolving needs and opportunities, maximizing the project’s effectiveness in the long
run.

6.1.5 Grid Connection

The decision to design the project without a grid connection is influenced by several factors,
including the goal of achieving complete self-sufficiency, which makes it suitable for locations
where no other options are available. This setup not only simplifies the simulation process but
also provides a clearer view of the project’s economic viability as a standalone entity, which
might be needed in the future of P2X project due to the forecasted boom in future demand.
Morecover, by operating as a large-scale production plant independent of the local grid, the
project’s impact on the regional grid is minimized. For example, if the project scaled up to
the size discussed in the Boegoebaii report in South African case Study section[2.7] it would
accurately simulate scenarios where production significantly exceeds the residual electrical
consumption through the grid.

6.1.6 Seasonal Generation Advantage

When considering the location of the project, such as the case study location of Port Nolloth,
its geographical position in the Southern Hemisphere is noteworthy. The results indicate that
most of the e]ectricity production occurs during the summer months of October-March. This
timing is advantageous because it aligns with winter in the Northern Hemisphere, where a
large portion of the global population resides and energy demand is present. During win-
ters in the Northern Hemisphere, energy consumption increases significantly due to heat-
ing needs, resulting in higher energy prices. Meanwhile, renewable electricity production
tends to decrease due to low irradiation. Therefore, having peak e]ectricity production in
the Southern Hemisphere during this period could potentially facilitate the export of energy
at a higher price, which affects the profitability of the project.

6.2 Project Risks

Usually, these multi-billion dollar types of projects come with several great risks due to the
size of the project. These risks can be in areas that project leaders have the power to avoid or
mitigate, but they can also be on a larger scale, which cannot be avoided.
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6.2.1 National Security

A risk of investing in a project in a country of high poverty and low GDP is that there are
higher risks related to national security, where political instability and corruption are having
a large impact on the outcome of the project. However, the size of the project itself does have
a positive influence, as the bigger economical investment, the more resources can be put on

security CONncerns.

6.2.2 Safety

A P2X project includes concerns about safety. The project is built in a climate of very harsh
weather, with strong winds and gassing sun, which affects not only the technology but also the
people involved. The handling of flammable, toxic, and explosive chemical energy carriers is
also of great concern, which requires education and safety measures, as even minor incidents
can have a catastrophic outcome.

6.2.3 Failure of Components

There are risks associated with failure of components. Since these types of systems have a
large number of different types of components, failures and O& M are inevitable. Since
systems are also so interconnected, some components are crucial for the system to run, and
a failure of such components could be devastating. It could also be especially devastating if
the location is remote and the competence and resources for O& M is far away.

6.2.4 Supply Chains

Due to the size of these types of project and the greac amount of different components that
are needed in a Power-to-X project, there are a lot of supply chains involved. In addition
to this, there are many components in the system that are dependent on each other, making
the project very vulnerable to unexpected difficulties in these supply chains. For example,
if there would be a shortage of material for the battery production, the P2X system would
not be able to run due to the battery having such an essential function in the system, which
would cause a delay of the deployment of the project.

6.2.5 Component and Energy Prices

Asmentioned in the result discussion, there are also risks coupled to the prices for the respec-
tive components in the system. In the literature study, the prices for the major components
are based on literature with price predictions for 2035. So, if there would be a major price
deviation for some of the components in reality, that would substantially affect the project
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profitability and perhaps the dimensioning of the system. As previously mentioned, floating
wind power for example is in an early commercial stage where it is yet to be scaled up, but at
the moment it is rather expensive in comparison with other power generating alternatives.
Since floating wind power constitutes a rather large portion of the total investment cost,
its future price development will significantly affect the project. Many of the components
are also currently in a phase of rapid technology development. In the case of the technology
development, these types of project can be deeply affected depending on how the situation
looks like 2035. Electrolyzer technology and solar power technology is currently under rapid
development, and if both of these technologies were to increase in efficiency by just a couple
of percentage units, that would correspond to a major increase of hydrogen and therefore the
profitability of the whole project.

Obviously, the predicted selling price for the chemical energy carrier is of huge importance
for a P2X project, as the use of the energy carrier, which reflects the prices of it, directly
determines the outcome of this project. Important to consider is also that it is not the prices
of a sole chemical energy carrier that decided the revenue of the project, but all P2X alter-
natives, this because the process itself is flexible and one energy carrier can be swapped for
another if the outcome is more profitable.

6.3 Future Development in Port Nolloth

If the project presented in this report is realized, the steps forward are to attract industries
and consumers. South Africa has, as stated in great possibilities for many of the industrial
uses discussed in Section opening up good possibilities for agriculture and industrial
applications such as steel production. In addition, the addition of green energy on this scale
could attract other industries from the rest of the continent, which in many areas lacks a
stable energy supply that does not rely on fossil fuels. Especially industries with flexible
demand that could make use of buying the otherwise curtailed energy for prices close to zero.
In addition to this, as mentioned in Section the coastal area outside of Port Nolloth has
great expansion possibilities for addition of renewable energy generation, with a potential of
26 GW of wind power and large areas suitable for the expansion of solar power generation.
This could eventually lead to an expansion of the additional plans, which can attract more
industries while keeping the optimal generation ratio.

When the industries are implemented, further expansion of generation and production is
possible in the area and will be generated at prices lower than the competitor, as the main
infrastructure is already in place. In addition, a possibility is to use the Port Nolloth site as a
central hub on the South African continent, where cheap energy could be used to export com-
ponents to surrounding P2X projects, such as along the South African and Namibian coasts,
which have conditions very similar to the Port Nolloth site. When industries are attracted,
the project can not only shift focus to more hydrogen production but also other chemical en-
ergy carriers such as methanol, which requires carbon from industries in combination with
the clean energy to be created.

In a future stage of the project, when the remote location is connected to the rest of the

109



6. DISCUSSION

southern African grid, the generator park can also be used to sell energy for domestic use. At
this stage, whether or not the weather production of the chemical carrier occurs depends on
the long-term contracts and energy prices. In case of oveproduction, surplus energy could
go to the grid. In addition, the produced hydrogen could be stored in large scale to support
long-term seasonal imbalances in the grid. If the projects are of enough production capacity,
this is although less realistic locally as the site will have an over-production all around the
year to be able to sell produce and export the hydrogen.

6.4 Ethical Dilemmas

From an ethical point of view producing hydrogen P2X project locations in general, or South
Africa in particular for export to Europe or other industrialized countries comes with both
promising benefits and significant challenges. On the one hand, it offers potential solutions
to issues such as job deficit, efficient land use, and technological development. Using under-
utilized land, hydrogen production maximizes land efficiency without compromising vital
ccosystems, and as the climate crisis is a global concern, the decision by South Africa to let
such a project pass is part of a decision limiting millions of tons of carbon emission. If the
project is beneficial and expansion is allowed, it can not only deliver more job opportunities
but also, when grid connection is implemented, stability in their power generation.

However, it also raises ethical and practical considerations that cannot be overlooked. Con-
cerns about resource allocation arise, particularly in regions where basic necessities such as
clean water, healthcare, education, and e]ectricity supp]y are not accessible. Prioritizing the
needs of local communities over export—oriented industries is necessary where balancing the
combating of climate change with protecting local environments requires careful considera-
tion.

These considerations, for the case of Europe and Africa, have to be treated with care because
of the historical perspective. One could argue that such projects are part of modern colo-
nialism, where dependency is reestablished. One key difference is, though, that the project
does not have a permanent impact on the site, where only natural resources such as weather
conditions are used. Another difference is that a P2X project benefits the entire world by
cutting emissions. However, the coinciding with history when it comes to the main argu-
ments of job creation and development aid cannot be unseen, and the discussion about the
subject has to be treated with extra care as no one can oppose that Europe would do this
investment primarily for their own benefic.
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6.5 Future Development of MSc Thesis

6.5.1 Scaling of the System

The model, as well as the Port Nolloth project setup, offers great possibilities when it comes
to up-scaling. Simulation-wise there are no big changes in the model which would be needed
when up-scaling. However, the scaling of the project in practice also has an impact on the
project when it comes to 10gistics as well as costs of the project. The Port Nolloth P2X project
offers huge arcas for wind and solar power generation. Space-restricted issues are therefore
in theory not a problem for huge local upscaling.

Upscaling also has a positive impact on all CAPEX values. The bigger such a project is, the
lower the CAPEX gets, as the logistics are in place and the supply chain is already there.
Furthermore, when all local demand is met, the project site could be an interesting location
for the construction of technology that could be distributed along the African coast, as prices
are expected to be competitive for projects elsewhere, when port facilities and competence
are established.

The project location is therefore not only suitable for local up-scaling but could also serve as
a continental distribution center, where closest main options are cross-ocean in Europe or
southeast Asia, by being able to cut the expenses for similar projects in the area.

6.5.2 Applying System for Other Case Studies

Using the model, it is possible to identify the result of the P2X project at other locations.
This would drastica]]y Change the ratio of the installed component, with a potentially very
different outcome. For example, for locations with better wind conditions compared to solar,
more wind will be needed, and for sites without the power shift, less installed wind capac-
ity would be needed. This is implemented in the P2X model by changing the generation
input files and following the methodology. This tool is very important for the initial scout-
ing of project locations, as a map of simple capacity factor overlays does not mean that the
location coincides with the maximum hydrogen production because of the time aspect. In
reality, using the same economical numbers for CAPEX and OPEX does not give an accurate
representation, although the project setup is forecasted prices for situation 2035, the same
assumptions would be made for this location if the model was built based on it.

6.5.3 Forecasting

When it comes to optimizing the modeling, the integration of forecasting would be handy
for the project. By forecasting electricity production, one could limit wasted hydrogen con-
sumption in the fuel cell, by charging the batteries before an energy deficit, and relatively
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smoothly could be integrated in the battery controller. A faster response time for the elec-
trolyzer would also be possible, making the voltage regulation for the battery less intensive.

6.5.4 Price Scenarios

As previously discussed, making model simulations based on different price scenarios for
the different components would also be interesting. Currently, to do this the entire exten-
sive economical method would have to be done all over again, which exceeds the time for this
project. Putting more energy into this could eventually lead to interesting potential findings.
As mentioned in section the outcome of the project is very sensitive to the volatility of
the prices. Simulating the economics for different price scenarios would therefore be inter-
esting. This includes both comparing with other prices for energy and using other values for
CAPEX/OPEX of the main components such as wind power and electrolyzer, which have a
big impact on the outcome.

6.5.5 Hourly Data

With the current model, small fluctuations from minute to minute for generation do not
occur. This is in part due to the delays in the parks, but also because hourly values are used.
In reality, local variation from cloud coverage could for example occur, which would have a
heavy impact on the ramp-up and downs of the electrolyzer as well as cycles of the battery.
To use minute data for the region would therefore be favorable, even though it is difficule
to find valid resources for such. In this scenario, the use of supercapacitors in combination
with lithium batteries could become a relevant solution for handling the short-term power
balance.

6.5.6 Alternative Controller Operation

Using minute data would also lead to increased battery usage as power generation would
fluctuate much more. Even though the generation park placement is made to dampen the
effect of this, for example, large clouds will cause a rapid decline in solar production, which
energy the battery needs to input. This could also raise the cycles of the battery, which causes
higher wear, meaning that the currectly used peakshaving logics in the model could have to
be discarded, leading to lower production, but also consumption, as the SOC of the battery
will be at higher charge most of the time.

Another way to lower the fuel cell consumption would be to directly run the fuel cell on
hydrogen instead of ammonia in the model. Currently, the system converts the electrical
energy to hydrogen and further ammonia, which is cycled the same way back to electricity
supporting the battery when the SOC is low. A more efficient way would be to use a sec-
ondary hydrogen storage system for this purpose. The storage facility could be used for the
other local uses of hydrogen.

112



6.5 FUTURE DEVELOPMENT OF MSC THESIS

6.5.7 Sensitivity Analysis

Performing a sensitivity analysis on the economic aspects and results of the model would fur-
ther generate interesting results. This analysis aims to explore how variations in economic
parameters affect the results. Specifically, sensitivity analysis could investigate how changes
in factors such as costs, market prices, discount rates, or regulatory policies impact the eco-
nomic performance of the model by varying the parameters and observing their effects on key
economic indicators. However, it is worth noting that something similar is made through-
out the methodology, as the model is subjected to tests of a wide range of ratios of installed
capacities, as well as variation in interest rates. This evaluation of the model across various
component ratios further highlights its robustness for various applications.
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Chapter 7

Conclusion

Based on the investigated case study for year 2035, floating wind plays a key role for P2X
projects even for one of the worlds best solar conditions. Although solar energy generates
more peak power, the ability of wind energy to cover nights and seasons of low radiance
motivates the use of it. This is both because of a higher capacity factor and because the
wind produces when the solar system cannot, which makes the system less dependent on
potentially expensive short-term storage systems. For the Port Nolloth site, although floating
wind plays a key role, the LCOE of the energy is much higher than for solar, whereas for this
project setup, the installed capacity is only a share of the total. However, for other locations,
the result might look different.

In this P2X project, a scaleable tool for the analysis of the P2X system independent of the
selected site selection has been built, which can be used to further investigate the role of the
(floating) wind and the other main components for a P2X location.

The main cost drivers are for the P2X project identified as the development of floating wind
power and electrolyzer technology, where cost reduction in these technologies could notably
influence the financial viability of the P2X projects.

Considering simulation setups for different ratios of components, very different ratios have
similar production output at the end of the year, even though the generation distribution
looks different. There might therefore be alternatives, better than the one found in this
report. The conclusion of this is that it is very hard to find trends in the optimal ratio for
maximum production in the system. However, all integrated components, including floating
wind, have a key role in the project based on the analysis made in the case study.

From the project, one can also see that although wind is many times more expensive in terms
of costs, it is much more efficient regarding installed capacity. This is in part because of
the higher capacity factor but also a more even power curve throughout the hours of the
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day, which gives the electrolyzer allowance for constant production, while the solar produces
excessive electricity for a couple of hours and then does not deliver anything.

Ammonia has been identified as the most suitable energy carrier for this specific project for a
number of reasons. Ammonia is expected to be one of the main alternatives of the transition
fuels and is already used in industries all over the world. The energy carrier is also suitable
for storage and transportation. However, the disadvantages are the extra cost and loss in
efhiciency, as well as health concerns.

Another finding made through simulation is that the use of a fuel cell for a temporary energy
need may be economically viable for emergency power generation. Investing in more bat-
teries with higher efficiencies is an alternative to lower fuel cell consumption, but when the
budget used for extra batteries instead is used on generation/production, a higher net export
is achieved.

A finding made in the report is also that to use electricity directly in local industries, costs can
be cut for multiple causes such as the expensive CAPEX and OPEX of hydrogen technology,
as well as lost power because of low efficiencies. Moving industries to the location is therefore
expected to be much cheaper than moving the energy.

The ana]ysis suggests that the target prices for hydrogen, ammonia, and electricity produc—
tion are challenging but realistic. Despite potential errors in our initial data, adjusted simula-
tions indicate that our cost estimates fall within industry norms, validating our calculations
and the reliability of our tool.

The location in Port Nolloth investigated in the case study is identified as a suitable location
for the project for multiple reasons. The energy availability and overlap between wind and
solar, space, port facilities, and temperature make the conditions favorable, as well as the
possibi]ity for expansion and app]ications of both electrical and chemical energy in local
industries.
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