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Abstract

The European Green Deal states that it wants to develop 40 GW of electrolyzer capacity by
2030 in North Africa to combat climate change. Using PV power as the primary energy source,
a system is designed that can produce green hydrogen and ammonia to investigate how the lo-
cation and the capacity of the components can be optimized to produce at the lowest possible
levelized costs. This way the competitiveness of green hydrogen and ammonia can be exam-
ined against hydrogen and ammonia produced using fossil fuels. Incorporating batteries for
electricity storage, a salt cavern for hydrogen storage and cryogenic tanks for nitrogen storage,
the system is designed to work as flexible as possible to cope with the variations in PV output.

Scaled to an industrial scale output of 200.000 ton-NHj3 per year, the resulting LCOH in
2030 will be 1.63 /kg-Hj,, and the LCOA will be 0.394 /kg-NHj. The competitiveness with
fossil fuel-based production is dependent on the price of natural gas, which in this case will
need to be higher than 3.16 $/MBTu or 12.25 /MWHh (converted using a USD/EUR rate of
0.88 and a conversion factor of 0.29308 MWh/MBTU, and taking into account a carbon price
of 100 /ton-CO, ) for green hydrogen to be competitive. For green ammonia to be cheaper,
the gas price must be greater than 4.49 $/MBTu or 17.41 /MWh.

A sensitivity analysis shows that if the CAPEX and OPEX cost of the five most contributing
components to the levelized cost would be 50% higher, the LCOH (2.4770 /kg-H;) and LCOA
(0.5817 /kg-NHj3) would still compare favourably to blue hydrogen and ammonia with a nat-
ural gas price of 7.71 $/MBTu (29.89 /MWh) and 9.04 $/MBTu (35.05 /MWh). By analyzing
the operations of the salt cavern, it is discovered that 6.4% of the salt cavern is used from the
available capacity of 3300 ton-H,. Even when the necessary yearly output of ammonia is raised
2 or 4 times, the salt cavern uses only 12.7% and 16.8% of the available capacity. Overall this
research shows that green hydrogen and ammonia can compete with hydrogen and ammonia
produced from fossil fuels in 2030 and that the possibilities of salt cavern storage for hydrogen
are greater than expected because a capacity of 250 ton-H; is enough for a yearly production of
200.000 ton NH3.
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NOMENCLATURE

NOMENCLATURE

Nomenclature

Acronyms

ASU Air Seperation Unit

CAPEX Capital expenditures

CH4 Methane

CO  Carbon monoxide

CO, Carbon Dioxide

CRF Capital Rate Factor

DC Direct Current

DHI Diffuse Horizontal Irradiance
DNI Direct Normal Irradiance

e Electron

GHI  Global Horizontal Irradiance
H» Hydrogen

H,O Water

HPC High Computing Cluster
KOH potassium Hydroxide

Lat. Latitude

LCOA Levelized cost of ammonia
LCOE Levelized cost of energy
LCOH Levelized cost of hydrogen

Lon. Longitude

MILP Mixed Integer Linear Programming

MPP Maximum Power Point
N> Nitrogen

NH 3z Ammonia

Oz
OH

Oxygen

Hydroxide ions

OPEX operating expenses

PEM
PV

SMR
SOC

Proton Exchange Membrane
Photovoltiac
Steam Methane Reforming

State of Charge

SOEC Solid Oxide Electrolyzer Cell
WACC Weighted Average Cost of Capital

Symbols
dH Difference in enthalpy [kJ/mol]
m Mass ow rate [(kg mol)=g]
h Isentropic ef ciency [-]
r Density [kg/m 9]
g Gravitational acceleration [m/s ?]
k Ratio of speci c heats [-]
M Molar mass [kg/mol]
m Mass [ka]
ns Number of stages [-]
Pressure [kPa]
R Universal Gas constant [J/(K mol)]
Volume [m 3]
Z Compressibility factor [-]
Tam Ambient Temperature K]
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1 INTRODUCTION

1 Introduction

The interest in hydrogen to transform our fossil fuel-based economy to a carbon-zero based
economy has reached an all-time high, with countries like Germany and France announcing
to invest respectively 9 billion and 7 billion in hydrogen technologies (Crampes and Ambec
2021). Additionally, the European Green Deal plans to build 40 GW of electrolyzer capacity
in Europe and 40 GW in North Africa. Meanwhile, only 200 MW of electrolyzer capacity has
yet been installed (IRENA 2021). Leaving the question of how these ambitious plans can be
realized.

This research aims to determine how the planned large-scale green hydrogen production
can be cost-competitive with fossil-fuel produced hydrogen in 2030. However, instead of only
producing hydrogen, the designed system makes the sequential step to produce ammonia. This
is done because 55% of the hydrogen produced in the world today is already solely produced
for ammonia production; therefore, this is a logical step so that a broader comparison of both
energy carriers can be made (Brown. Trevor 2017). Additionally, in the announced plans for the
two biggest electrolyzers that will be built with a capacity of 2 GW and 3 GW, this step is also
included (Burgess 2021), (Gupta 2021). Gaining an understanding of the cost-competitiveness
of green hydrogen and ammonia is essential in attracting future investments and determining
what amount of subsidies will be necessary to reach the goal of 40 GW capacity in North Africa
by 2030.

1.1 Background

The European Green deal was presented on 11 December 2019. Four years after the Paris agree-
ment in which 195 governments agreed to combat the effects of climate change by lowering
greenhouse gas emissions. The European Green deal presents a roadmap on how the goals
set by the Paris Agreement can be accomplished. In the report, the importance of hydrogen is
emphasized. Especially for heavy industries like steel production, hydrogen is the only green
alternative. Resulting, for example, in a recent announcement made by Tata Steel that their
steel plant in IJmuiden, the Netherlands, will switch to hydrogen instead of coal as a fuel for
their blast furnaces. Similar announcements will result in a rapidly increasing demand for hy-
drogen in the near future. To meet this increasing demand, the Green Deal proposes to build 80
GW of electrolyzer capacity before 2030. The production would be split between Europe and
North Africa to reach this amount. To make use of the abundant solar resources in countries
like Tunisia and Morocco. Additionally, the production in North Africa would also contribute

to the employment opportunities in the region and reduce the migration of labour migrants.

1.1.1 Current levelized cost

Currently, more than 95% of hydrogen is still produced with a method called steam methane re-
forming (SMR) equation 1. In this process, methane is deprived of its carbon atoms by reacting
with steam at a temperature of around 900 °C and pressures between 3-25 bar (US Depart-
ment of Energy 2021). The deprived methane atom binds with an oxygen atom to form carbon
monoxide. However, it also creates hydrogen molecules.

Heat
CH4(g) +H20(g) | ' °0"  CO(g) +3H () (1)
Pressure
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The hydrogen created with SMR has a LCOH between 1.0-3.0 $/kg-H ». If ammonia would
then be created from the hydrogen according to the Haber-Bosch reaction, it would have a
LCOA between 0.15 $/kg-NH 3 and 0.50 $/kg-NH 3 (Birol 2019). According to the same report,
the levelized cost of hydrogen and ammonia produced from renewable energy in 2019 is be-
tween 2.5 - 6 $/kg-H » and 0.48-0.70 $/kg-NH 3 respectively. To bridge this gap and allow green
hydrogen and ammonia to compete with grey hydrogen and ammonia without subsidies, in-
novations and economy of scale effects will have to decrease the levelized cost. However, since
2005 the European Union has also employed a different method to stimulate renewable energy.
Forcing companies to buy emission certi cates that allow them to produce carbon dioxide or
any other greenhouse gas expressed in the equivalent of carbon dioxide. The price of emitting
greenhouse gasses can be controlled. This will be explained further in chapter 1.1.2. If this price
would reach 100 /ton-CO » it would translate to a LCOH between 1.42 - 3.56 /kg-H , and a
LCOA between 0.27 - 0.67 /kg-NH 3 (Birol 2019). Converted to dollars using the exchange rate
at the moment of publication (1.1237 EURO-USD (Macrotrends LLC 2021)) this translates to a
carbon price of 112.37 $/ton-CO, and a LCOH between 1.6-4 $/kg-H », and a LCOA between
0.30-0.75 $/kg-NH 3.

Levelized costs in Dollars
2019 renewables 2019 fossil fuels 2030 fossil fuels
(25 $/ton-CO 5 o9 (112.37 $/ton-CO» ¢g)
LCOH
$/kg-H , 25-6.0 1.0-3.0 1.6-4.0
LCOA
$/kg-NH 0.48 -0.70 0.15-0.50 0.30-0.75
Levelized costs in Euro's
2019 renewables 2019 fossil fuels 2030 fossil fuels
(22.24 ton-CO 3 &g (100 /ton-CO o9
LCOH 22-53 0.89 - 2.67 1.42-3.56
/kg-H 2
LCOA
/kg-NH 5 0.43-0.62 0.13-0.45 0.27 - 0.67

Table 1.1: Levelized costs of hydrogen and ammonia taken from (Birol 2019) and converted to euro's
using the exchange rate at the moment of publication of (Macrotrends LLC 2021), 1.1237 EURO-USD.

1.1.2 Carbon Price

In 2005 the European emission trading system (EU ETS) was launched to help combat green-
house gas emissions in the EU to meet the Kyoto protocol's goals. Emissions certi cates were
allocated to companies, allowing them to emit a certain amount of greenhouse gasses. If more
greenhouses gasses were emitted, additional certi cates could be bought using the EU ETS.
The purpose of this system was to gradually make fossil-fuels based products more expensive
by decreasing the number of certi cates that were being allocated. This would incentivize in-
vesting in renewable alternatives to produce fewer greenhouse gasses. However, the number
of certi cates in circulation remained too high, resulting in a constant price per ton of carbon
dioxide equivalent of around 5. In 2018 this changed when it was announced that reforms
meant that more certi cates would be taken out of circulation. Since 2018, the annual supply of
certi cates has been signi cantly reduced. In gure 1.1 the resulting price increase can be seen.

6
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Figure 1.1: Price for emitting one ton of CO , equivalent greenhouse gasses. Modi ed from (Carbon
Price Viewer 2022) to show the three predicted scenario's.

On December the 8th, the highest price ever recorded of 89.37 /ton-CO , ¢qWwas reached.
This is already more than the European Commission impact assessment projects group pre-
dicted. They stated that the price would be somewhere between 50 and 85 /ton-CO , ¢qin
2030 (European Commission 2021). This corresponds with the conservative scenario in gure
1.1. Other analysts predict that the carbon price will be higher in the future. These predictions
are represented in gure 1.1 with the moderate and advanced scenarios with corresponding
prices of 100 and 140 /ton-CO » ¢qin 2030 (Birol 2019), (Dumas and Saleheen 2021).

This research assumes that the recent rally on carbon certi cates will slow down once the
energy prices are stable again. The energy price has a signi cant effect on the carbon price
because a higher energy price will make it more pro table for coal plants to produce elec-
tricity and because coal is the most polluting fossil fuel, the demand for emission allowances
increases. In (Dumas and Saleheen 2021) it is even elucidated that the energy price explains
one-third of the variations in the carbon price. Recent price spikes can also be contributed
by the strategy of the European Commission to gradually reduce the supply of emission al-
lowances. This strategy is well known, and because the EU Emission Trading System is an
open market, the future reductions are already priced in. To make a relevant comparison be-
tween green and grey hydrogen and ammonia production. The in uence of the carbon price
on the levelized cost is constructed using the moderate scenario.

The direct effect of the carbon price on the levelized cost is very signi cant when the emis-
sion factor is high. In table 1.2 it shows that for coal without carbon capture, a carbon price of
100 /ton-CO , eqWwill resultin an added cost of 2.02 /kg-H . This would double the price of
hydrogen. The future of hydrogen report (Birol 2019) proposes that the cheapest production
method to produce hydrogen and ammonia from fossil fuels in 2030 will be natural gas reform-
ing with carbon capture. This is because of the lower emission factor due to the capturing of
carbon before it is released into the atmosphere. Therefore, natural gas with carbon capture
will be the main competitor of electrolysis-based hydrogen and ammonia production.
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[kg-CO,/kg-(H 2 or NH 3]

Emission Factor

Costs per kg with

H» | NH3 H» | NH3
Natural Gas 8.9 2.14 0.89 0.214
Natural gas with | 1.0 0.11 0.1 0.011
carbon capture
Coal 20.2 3.9 2.02 0.39
Coal with carbon | 2.1 0.2 0.21 0.02
capture

Table 1.2: The effect of the carbon price for different production methods is related to the emission
factor. Emission factors obtained from the (Birol 2019).

1.1.3 Effect of Natural Gas price

If natural gas with carbon capture storage is going to be the main competitor, the price of nat-
ural gas will play a decisive role. To separate hydrogen from methane, using steam methane
reforming, large amounts of natural gas are required. Therefore the cost of hydrogen and am-
monia produced from fossil fuels is heavily in uenced by the price of natural gas. At a natural

gas price of 18.41 /MWh, it would contribute to 50% of the LCOA of 0.44 $/kg-NH

using a carbon price of 100 /ton-CO , ¢ In table 1.1 the bandwidth of the levelized cost is
also the result of variations in the price of natural gas.

Figure 1.2: The price of natural gas of the previous 5 years. Showing both the American price traded
on the Nymex market and the Dutch price traded on the ICE-ENDEX TTF. To compare the two the
Dutch national gas price is converted using USD/EUR rate of 0.88 and a conversion factor of 0.29308

MWh/MBTU.
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Natural gas is traded throughout the world on different markets. The price on these mar-
kets varies as well as the units used. The American gas price serves as a worldwide benchmark
and is traded using the unit $/ MBTu (million British Thermal units). The amount of gas
traded in the Dutch market is given in MWh using a conversion factor of 0.2931 Mwh/MBTu.
The prices from the past ve years are shown in gure 1.2. The price of natural gas traded
on the Dutch market is also converted to $/MBTu to make it easier to compare with the gas
traded on the American market. Due to hydraulic fracking being deployed on a large scale and
large natural gas reserves, the price of natural gas has been lower on the US market. In the past
half-year, the price in Europe has dramatically increased due to the tensions between Russia
and Ukraine. The uncertainty about the situation combined with the already low natural gas
supplies has caused the recent rapid increase. These factors had little impact on the price of
American gas, as can be seen from the relative stable line in gure 1.2.

Figure 1.3: LCOH produced from fossil fuels. Created with data from table 1.3. On the x-axis the price
of natural gas and CO, ranges from the minimum to the maximum.

The large impact of the price of natural gas on the levelized cost of hydrogen and ammo-
nia has already been mentioned in the rst paragraph of this chapter. Additionally, it is also
visualized in the gures 1.3 and 1.4. The levelized cost has been calculated using equation 11
and the values presented in table 1.3. The values have been converted to /kg for the CAPEX
cost. To compare them with values from literature is dif cult as most papers use different units
($/kw ¢ $/kw 42 LHV, $/kw yHV). To understand the difference between these capacity
indications, the LHV and HHV must be understood. In literature, most papers use the LHV of
(33.3 kWh/kg-H 2 in calculations. However, this is often a mistake as the LHV does not con-
sider that the heat of the vaporized water is recovered after combustion by simply determining
the amount of heat released during combustion with a starting temperature of 25°Celsius and
a nal temperature of 150°Celsius after cooling down. The LHV can be used in calculations in
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which hydrogen is burned. However, in this research, it is transformed to ammonia; therefore,

the HHV is preferred over the LHV. Because it represents the thermal energy released of all
reaction products during hydrogen combustion, the HHV and LHV can also be described as
the gross calori ¢ value or the gross energy and the net calori ¢ value.

H2 NH3
CAPEX 8.48 /kg-H » 1.42 /kg-NH 3

OPEX

Gas Consumption
Electricity Consumption
Emission factor

2.5 % of CAPEX
173.72 MJ/kg-H 2

1 kg-COz/kg-H »

2.5 % of CAPEX

38.3 MJ/kg-NH 3

1.3 MJ/kg-NH 3
0.11 kg-CO/kg-NH 3

Table 1.3: Values converted from (Birol 2019) using a USD/EUR rate of 0.8898 from the day of
publication. (IEAGHG 2017) used for the CAPEX, gas consumption and emission factor of hydrogen.

By observing the signi cant contribution of the natural gas price to the levelized cost of
hydrogen and ammonia, it can be concluded that the competitiveness of green hydrogen and
ammonia is primarily dependent on the natural gas price. A NG price of 7.81 $/MBTu would
already lead to a LCOH of 2.5 /kg-H , and a LCOA of 0.5311 /kg-NH 3. In section 6.3 the
levelized cost results of this research will be discussed, after which it is possible to determine
the price that natural gas would have to reach to make the green alternative competitive.

Figure 1.4: LCOA produced from fossil fuels. Created with data from table 1.3. On the x-axis the price
of natural gas, electricity and CO , ranges from the minimum to the maximum.

The rapid increase in levelized cost due to the price of natural gas seems almost inconceiv-
able. Nonetheless, comparing the increase of LCOH at the hands of the price of natural gas
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with a study from the dutch bank ING (Hieminga and Tillier 2021), a similar increase can be
observed using their results depicted in gure 1.5. Although the LCOH in the gure represents
the prices in October 2020, the cost will not differ that much since the effect of an increase in
CO2 price will probably compensate for a slight decrease in CAPEX. Therefore, it is assumed
that the values used in table 1.3 are correct and give an accurate impression of the cost of hy-
drogen and ammonia produced with natural gas.

Figure 1.5: Modi ed from (Hieminga and Tillier 2021) to show natural gas price in $/MBTu as well.
Converted using a USD/EUR rate of 0.88 and a conversion factor of 0.29308 MWh/MBTU.

1.2 Problem Statement

Determining the minimum levelized cost of future green hydrogen projects is essential in at-
tracting more investments. This works in two ways as companies will have more certainty
about their predicted revenue and, therefore, borrow money more ef ciently, decreasing the
WACC. Secondly, governments will better understand the measures required to bridge the
gap between fossil fuel-based projects. However, there are not yet many large-scale green
hydrogen or ammonia projects operating in the world today. Figure A.4 shows the current
and planned capacity of electrolyzers around the world. This means that predictions of fu-
ture projects rely primarily on simulation models instead of information gained from previous
projects. In literature, the current solar to ammonia systems can be modelled more exibly by
using more independent components, such as separating the production from ammonia by in-
serting a cryogenic tank for nitrogen storage between the ASU and Haber-Bosch plant. These
simulation models need to be as reliable as possible to draw a sensible conclusion about future
green hydrogen and ammonia projects.

1.3 Research Gap

Numerous papers were thoroughly examined to determine how this paper could expand on
the existing knowledge of solar power to ammonia systems. The differences between system
designs, optimization models, proposed year of operation and whether it would produce hy-
drogen or ammonia as well have all been examined. Subsequently, four categories were de ned
to determine the knowledge gap. Separating papers that determine today's levelized costs and
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those that determine the cost of future projects. Further distinguished by the production of
ammonia and hydrogen or only hydrogen.

Starting with papers focused on systems designed to minimize the LCOH at the present
time. (Grimm et al. 2020), (Gutiérrez-Martin et al. 2020) give a detailed look at the produc-
tion of hydrogen with electricity generated from PV panels. The latter also integrates bat-
tery storage in the systems to deliver a more constant supply of electricity to the electrolyzer,
thereby reducing the size of the electrolyzer. In (Grimm et al. 2020) a continuous optimization
method is used to nd the optimal scaling between the PV models and the electrolyzer, while
in (Gutiérrez-Martin et al. 2020) a discrete, brute-force approach is used.

Extending on the PV to electrolyzer systems, the following studies take it one step further by
adding an ASU and Haber-Bosch plant to produce ammonia from renewable energy sources.
In (Funez Guerra et al. 2020), (Morgan et al. 2014) the Net Present Value of all components are
minimized, while in (Cheema and Krewer 2018) the ef ciency of the production process is op-
timised using a brute-force approach. (Morgan et al. 2014) is the only study that uses storage of
hydrogen as well as nitrogen using cryogenic tanks. The study gives bene cial information on
the speci ¢ processes in the components necessary for the production of ammonia using wind
power on an island in the state of Maine in the USA. However, scaling the ammonia output
to the load pro le of a speci ¢ case that uses wind power instead of solar makes it dif cult to
compare the costs, especially when the levelized cost is not calculated but only the Net Present
Value. In (Armijo and Philibert 2020) the levelised cost of both hydrogen and ammonia are
both calculated by using a brute-force approach, and the lowest value is taken. Both batteries
and nitrogen storage are left out of the designs in these systems. This has a negative impact on
the exibility of the system.

The studies that focus on the production of hydrogen in the future are (Gallardo et al. 2021)
and (Mallapragada et al. 2020). In (Gallardo et al. 2021) the LCOH for 2018 as well as 2025 is
calculated with a brute force approach in Matlab/Simulink. While the system does not contain
batteries to reduce the size of the system, it is an extensive study similar to (Mallapragada et al.
2020) which calculates the minimal LCOH for 2030. In the latter, more components were opti-
mized using mixed-integer linear programming.

In the last category of techno-economic articles about green hydrogen and ammonia pro-
duction, the following studies all calculate the minimal cost of ammonia in 2030. In the exten-
sive research of (lkdheimo et al. 2018) the optimal operation was modelled for the complete
energy production of certain regions in the North of Europe. In (Nayak-Luke et al. 2018) and
(Nayak-Luke and Bafiares-Alcantara 2020) an optimization of the component size is done to
minimize the cost of LCOA. In the rst paper, the system is explained, using hydrogen storage
as the only buffer in the system. While in the second paper, the competitiveness with grey am-
monia is comprehensively explained by calculating the LCOA for 534 different locations with
the model delineated in (Nayak-Luke et al. 2018).

To summarise, not one paper uses the same system as the other papers. This makes it
dif cult to compare the in uence of the individual components. Secondly, in the papers mod-
elling ammonia production, hydrogen storage in salt caverns have not been included in any
model. Instead, more expensive hydrogen storage tanks were used. Thirdly, most papers have
primarily neglected the effect of the price for emitting CO », which will play a big part in the
competitiveness with grey hydrogen and ammonia. Therefore, this paper focuses on a com-
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prehensive system combining all of the components mentioned in the aforementioned papers
while using a salt cavern to store hydrogen and elaborates on the price for emitting carbon
dioxide.

1.4 Research Question

This research can be formulated in one main question and ve sub-questions. The sub-questions
are there to divide the main question into smaller parts, leading to a better understanding of the
required knowledge necessary to answer the main question. At the time of writing, the main
guestion is very relevant to the energy transitions. Based on well-founded research, decisions
are made to invest in similar projects or opt for alternative renewable energy technologies. That
is why it is essential to state that the answer to the main question presented in this paper is not
the only possible answer.

Main Question:
How can a system that produces green hydrogen and ammonia be optimized
to minimize the levelized cost and will this system be able to compete
with fossil fuel based production in 2030?

As explained in the chapter 1.1 the current green hydrogen and ammonia projects are still
around twice as expensive as hydrogen and ammonia produced using fossil fuels. Therefore,
the date of 2030 has been chosen to investigate if this could be the turning point. An accurate
answer will be constructed by simulating the production process of hydrogen and ammonia.
The answer to sub-question one will provide a detailed schematic of the required system.

Sub-Question 1:
What components should be included in the design of a system that is able to produce
green hydrogen and ammonia for the lowest LCOH and LCOA?

To nd the minimum LCOH and LCOA, the components need to be scaled in perfect correla-
tion with each other. The model also needs to allocate the energy carriers to meet all the con-
straints for the entire simulation period. How this can be achieved is the focus of sub-question
2 and 3.

Sub-Question 2:
How can the capacity of the components in the system be optimised to produce
the lowest possible levelized cost per kg 06 HNH3?

Sub-Question 3:
What kind of optimization problem is this and which program
should be used to model it?

Once the system is designed, the optimization should produce the lowest possible LCOH and
LCOA. Speci ¢ economic values must be de ned to calculate the levelized cost. Sub-Question
4 also applies to the technical parameters necessary to formulate realistic constraints, for exam-
ple, the load range of speci c components.

Sub-Question 4:
What nancial and technical data should be used in the model to optimize the
capacity of the components and the allocation of the energy carriers?
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As described in section 1.3 most of the current research in green hydrogen and ammonia has
overlooked the potential of simulating hydrogen storage in salt caverns. That is why extra time
is spent on the exact determination of the location in this research.

Sub-Question 5:
What is the best location for the system taking into account the solar irradiance
and the possibility of storing hydrogen in a salt cavern?

With the aforementioned sub-questions, it will be possible to create a realistic simulation of
hydrogen and ammonia production and optimize this to obtain the lowest possible levelized
costs.

1.5 Research Objective

The main objective of this research is to create a realistic model that can minimize the levelized
cost of the production of hydrogen and ammonia. When this is achieved, the levelized costs
can be compared to the levelized cost of the alternative production method using fossil fuels. A
conclusion will be drawn from this comparison to determine if green hydrogen and ammonia
can compete with hydrogen and ammonia produced from fossil fuels in 2030. The production
process simulation also gives a chance to analyze the functioning of the various components.
By calculating the energy consumption, state of charge and capabilities of the components,
conclusions will be drawn about the optimal design of the system.

1.6 Research Scope

Before de ning the research scope, it must be noted that the reference date for the proposed
project is set in 2030. This means that small changes in the applied technologies are inevitable,
and therefore, this research will not dive into great technical detail of some of the production
processes. Itis assumed that this has no added value when answering the research questions.
For the system design, the scope is limited to components that can be scaled to minimize the
total levelized cost. As a result, the operations of the feed water production plant or the hy-
drogen compressor, necessary in the salt cavern, are not separately modelled but combined
with the existing cost of running the electrolyzer and salt cavern, respectively. The electrical
system is also not further examined after examining the electronic feasibility of the connections
between the components. Because the rated voltage and current of the components will also
change over time.

Furthermore, this research is limited to the production of hydrogen and ammonia. The aca-
demic value lies in the optimization model to calculate the minimal levelized cost of hydrogen
and ammonia thereby, excluding research into the cost of transportation of the energy carriers
to different parts of the world.

A speci ¢ location has also been selected instead of researching multiple locations. Ex-
tensive research has already been done in (Mallapragada et al. 2020) and (Nayak-Luke and
Bafares-Alcantara 2020) to determine the best solar irradiance pro le to reach the lowest lev-
elized cost possible. This research will take that knowledge into account and examine the pro-
duction on a speci c location more intensively. This choice is also made as the aforementioned
papers describe that their models spend days running on either a high performance computing
cluster at the Massachusetts Institute of Technology (Mallapragada et al. 2020) or a network of
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40 computers linked together (Nayak-Luke and Bafiares-Alcantara 2020).

The scope of the model will have some limitations as well. Firstly, the energy ef ciency of
the components is assumed to be constant. In (Mallapragada et al. 2020) it is shown that the
difference in electrolyzer ef ciency between a minimum power loading and the maximum is
5%. This will have a minor impact on the produced levelized cost and will therefore not be
modelled.

1.7 Research Method

The research method is composed of the following parts to provide well-founded answers to
the research questions. First, a design of a system able to produce hydrogen and ammonia
is constructed by combining the system designs of (Morgan et al. 2014) and (Mallapragada
et al. 2020). Next, the corresponding CAPEX and OPEX costs plus the technical parameters of
the components in the nal system design are extracted from different research papers online.
These numbers are veri ed by different industry leaders, including; Prof. Ad van Wijk, Frank
Wouters, Hans Vrijenhoef and the company Deep.Kbb, for the salt cavern properties.

An optimization will be performed on the capacity sizes of the components to nd the
lowest levelized cost possible. For this optimization, Matlab's Optimization Toolbox is used
in combination with the commercial program Gurobi to run the optimization as ef ciently as
possible. Using a problem-based approach to the mixed-integer linear programming problem
instead of a solver-based approach allows for a more convenient notation of the many con-
straints present in the model. This is because all components are formulated following an
object-orientated paradigm.

As input for the PV power, the capacity factor of the solar irradiance is calculated using
Sandia's National Libraries PV_LIB Toolbox in Matlab (Stein et al. 2016) taking into account
the temperature effects as well with data obtained from (Solcast 2021). The capacity factor is
veri ed by calculating the total irradiance output and matching this against the data provided
on the website www.globalsolaratlas.inftor the same region. The obtained solar data is in time-
steps of one hour, the smallest time-step possible to create a realistic simulation. However, this
leads to a very long-running time and a large amount of memory usage, making it necessary
to run the model on a high performance computing cluster of the TU Delft.

1.8 Report Outline

This report is structured as follows. In chapter 2 the layout of the designed system to pro-
duce hydrogen and ammonia is described together with the corresponding parameters of the
components. Next, the production process is extensively discussed based on the various com-
ponents in chapter 3. Chapter 4 elaborates on how these processes are modelled to calculate
the minimum levelized cost. The determination of the location of this system is elaborated

in chapter 5. The results of simulating the system are discussed in chapter 6, followed by a
brief conclusion that summarizes the results in chapter 7. The relevance of the results are dis-
cussed in chapter 8 and to stimulate further research in this eld, recommendations are given

in chapter 9.
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2 System Design

This chapter will elaborate on the system design necessary for hydrogen and ammonia pro-
duction from solar energy for the lowest possible levelized costs. In chapter 2.1 the layout of
the system is explained. Followed by an overview of all the parameters used for the different
components of the system in chapter 2.2.

2.1 System Layout

After careful examination of the recent literature on the production of green hydrogen and am-
monia (Mallapragada et al. 2020), (Gutiérrez-Martin et al. 2020), (FUnez Guerra et al. 2020),
(Gallardo et al. 2021), (Armijo and Philibert 2020) and (Ikéheimo et al. 2018) the system pic-
tured in gure 2.1 was composed. The schematic of the system can be read from left to right.
Starting with the PV block functioning as the primary source of energy. As described in chapter
3.1 the photovoltaic panels generate electricity from the incident irradiance using the photo-
voltaic effect. This electricity is distributed to the battery, electrolyzer, ASU and Haber-Bosch
plant. The amount of electricity distributed is scaled to reach a yearly output of 200.000-ton
ammonia. This amount has been chosen as it is commonly used in the industry. However,
systems of this size can not rely on the electricity grid as a backup source because the amount
of power required in the components is too high. Therefore, the electricity stored in the battery
and consumed in the electrolyzer, ASU and Haber-Bosch plant is all provided by the PV pan-
els. This, however, leads to great dependence on the incident solar irradiance. To combat the
consequences of periods of lower irradiance due to cloud coverage. Three buffers are imple-
mented in the system.

The largest of the three buffers (in terms of energy storage) is the salt cavern, depicted in
gure 2.1 after the electrolyzer. This is because the Haber-Bosch plant is the most expensive
component in the system, and the capacity will therefore be minimized. In order to minimize
the capacity, a stable supply of hydrogen is essential because of the load limits de ned in ta-
ble 2.2. Load limits also apply to the electrolyzer; however, the CAPEX of the electrolyzer is
much smaller than that of the Haber-Bosch plant, and the load limit is 1% - 110% as explained
in chapter 3.4. This is a more extensive range than the load limit of the Haber-Bosch plant,
namely 20%-100%. The resulting capacity of the battery will therefore be smaller than the ca-
pacity of the salt cavern. Finally, the last buffer in the system is the nitrogen storage tank.
Further discussed in chapter 3.7 it ensures that the system operates as exible as possible by
allowing the ASU to produce more than the required amount of nitrogen in times of abundant
solar irradiance.

The last two components in the system are pictured in gure 2.1 without a rectangle around
them because they are not operated in island mode like the other components. In table 2.2 they
are written under the column operational costs. They include the feedwater for the electrolyzer
and the electricity use of the compressor. They are not operated in island mode because their
power use is small compared to the power required by the other components. Therefore, they
can retrieve electricity from the grid, which is assumed to be widely available as 99.6% of
the Moroccan population had access to electricity in 2019 (World Bank Global Electri cation
Database 2019). Additionally, being independent of the electricity provided by the solar panels
also creates a more exible system, resulting in a lower levelized cost.

Finally, the smaller components in the system are taken into account under the name; bal-
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Figure 2.1: Schematic of the system modeled in this research. Scaled to the ammonia output of 200.000
ton per year.

ance of system costs. This is a conventional way of collecting the costs for the electric cables,
converters, mounting frames, etcetera. 10% of the total levelized cost is taken to represent these
costs. A more detailed approach has not been taken because the costs for these smaller compo-
nents in 2030 are out of the scope of this research as they will have little in uence on the total
levelized cost and cannot be separately scaled. Therefore, it will not be taken into account in
the optimization model but instead be added to the nal outcome.

2.1.1 Wind Power

The electricity necessary to produce green hydrogen and ammonia can either be produced with
wind or solar power or a combination of both. As gure 2.1 shows, this research only uses solar
power; however, the possibility of using wind power has also been examined.

Figure 2.2 shows the average daily capacity factors of wind and solar, and even though
the spike in wind power at the end of the day, when solar power is rapidly declining, looks
very promising, the model does not allocate any capacity to the wind farm. This is mainly
contributed to two reasons. One is the uctuations of wind speeds throughout the year. This
creates a somewhat unreliable source of electricity, as can be seen from the average weekly ca-
pacity factors shown in gure 2.3. To construct the capacity factor, the wind speed data has
been taken from (Solcast 2021). The wind speed data is given at a height of 10 meters above the
ground; however, the wind speed increases at higher altitudes. Equation 2 is used to calculate
the wind speed at a hub height of 121 meters. The variation in the wind speed is pictured in a
Weibull distribution shown in gure A.10. The probability density distribution shows that the
most common wind speed is between 4 and 7 [m/s].

(@)
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Figure 2.2: Average capacity factor of wind and solar power per hour.

The second reason the model does not allocate any capacity to the wind farm is that the
capacity factors are relatively low. The average daily peak observed in gure 2.2 has a capacity
factor of 0.25, while the average peak of solar power seen in the same gure has a capacity
factor of 0.78. The average capacity factor for the entire year of solar is also much higher than
for wind, 0.24 compared with 0.16. With an assumed cost for a land-based wind farm in 2030 of
630 /kW (CAPEX) (National Renewable Energy Laboratory 2019), the model calculates that

it is cheaper to install more batteries and store the abundant solar energy than to install wind
turbines.
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Figure 2.3: Average weekly capacity factor of solar and wind power.

2.2 Corresponding Parameters

From all of the components depicted in gure 2.1 the technical and nancial data is necessary
to create a realistic model. This data is collected in table 2.2. The components are separated into
components that have a capital cost contribution and an operational cost contribution and the
ones that only have an operational cost contribution. Furthermore, the last category contains
the balance of system costs.
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Cost assumptions 2030 of optimized components

Component CAPEX OPEX" | Lifetime Additional Information
(% capex)| years
pya 400 /kw-DC 3849 | 1045055 3055 Ef ciency: 25% . Irradiance
data retrieved from 68,
Battery Power 55 o/, 55 i Self-discharge rate is expected
Capacity 2 400 7kw 1% to be 0.05% per day in 2030%".
Batte Round-trip ef ciency: 98% 3'.
Ener "y 70 /kwh 55 - 20:00307 Self-discharge rate is expected
Capagi’y . cycles’” | 1o be 0.05% per day in 2030%7.
HHV of hydrogen: 39.4
Alkaline 65 0,65 | 100,000h | KWhikg. *0Ef ciency: 83% ©.
Electrolyzer 2 180 /kw 1% stacks® | Load range stack: 10% - 110%
relative to nominal load ©
Compressor cost included 7.
Salt Cavern 16 /kg 20 25 ¥ Not included electricity
Storage (0.4 /KWh) consumption of 1.42
kwh/kg-H %%,
Electricity consumption is 0.532
a MWh/ton-NH 3 35, Load range:
Haber—Bo_sc,;)h 3000 /kg-NH s/h 2% 3% 2035 | 20% - 100%°. For a production
synthesis (480 /kw) of 20.000 ton ammonia 3600 ton
hydrogen is required 8.
Air Separation | 1450 /kg-N /h 35 20/ 35 203 Electricity conssLémption is 0.108
Unit © (7330 /kWh) MWh/ton-N 5 .
Nitrogen 2.5 /kg-N /h 206 30 Industrial scale cryogenic tanks
Tank ¢ (12.50 /kwh) 500-1500 ni.
Operational costs, also optimized
Component Consumption Cost Application
Hydrogen 1.42 kwh-AC/kg H2 0.07 To compress hydrogen before
The feed water used in the
Feed water 10 L/kg-H ,° 0.42 electrolyzer. Added to electrolyzer
Ji 3 H 020 g . ..
m =-Hz2 cost so it will be otpimized
Additional cost, not optimized
Component Consumption Cost Application
To account for DC-cabling
0 1
Balance of - Iel\?efi)zoefcfi converters and mounting
System cost installations of the system.

Table 2.2: Parameters for all system components in 2030

@ Prices have been converted to euro's using the average exchange rate in the year of publication 4.

b Initial value was 3000 /kg NH 3 per hour but has been converted using the energy density of Ammonia of
22.5 MJ/kg 74, resulting in 6.25 kwh/kg.

¢ Initial value was 1450 /kg N 5 per hour but has been converted using the energy density of liquid Nitrogen
of 712 kd/kg 4, resulting in 0.19 kwh/kg .

d Consulted Frank Wouters and Linde Inc. for the costs of cryogenic storage tanks for liquid nitrogen. With a
density of 500-600 kg/m 3.
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3 Production Processes

This chapter gives a detailed description of every step in the production process. For the com-
ponents most effected by the surge in renewable energy investments the chosen costs and learn-
ing rates will also be explained. This includes the PV panels, battery, electrolyzer and salt cav-
ern. Starting with a detailed description of the workings principle of a solar cell in chapter 3.1.
Following the ow of energy as presented in gure 2.1 the implementation of the battery is dis-
cussed in more detail in chapter 3.2. In chapter 3.3 the chosen technology for the electrolyzer
is discussed followed by a detailed description of the electrolysis process in chapter 3.4. The
implementation of a salt cavern in the system for storing hydrogen is discussed in chapter 3.5.
The supply of nitrogen for ammonia production is discussed in chapter 3.6 and chapter 3.7. The
last component in the production process of ammonia is the Haber-Bosch plant. The produc-
tion process in this plant is described in chapter 3.8. Furthermore, the remaining components
that receive electricity from the grid instead of the PV panels are elaborated on in the chapter
3.9 and 3.10.

3.1 Photovolataic panels

Electricity is generated in the PV panels due to the photovoltaic effect. A phenomenon already
discovered in 1839 by Edmond Becquerel (Lincot 2017). When sunlight hits a semiconductor
material like silicon, the photons in light cause the electrons and holes to split. These are pos-
itively and negatively charged particles that want to recombine. However, when a junction is
created between these particles, the only option to recombine is if the electrons move through
the metal contacts connecting the front and back of the cell. This ow of electrons is the electric
current produced by the PV panels. In the designed system, the current generated will be used
to power the electrolyzer, ASU or Haber-Bosch plant or charge the batteries.

Figure 3.1: The photovoltaic effect illustrated. Retrieved from (Kavaz et al. 2014)

An average PV panel of 245 watts has an open circuit voltage of 37.5 volts and a short
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circuit current of 8.68 amperes. The maximum power point (MPP) tracking software tries to
maximize the ef ciency by keeping the voltage close to its V mpp and Impp values of 30.2 volts
and 8.13 amperes (International Finance Corporation 2015). However, every type of PV panel
has different technical speci cations, and over the years, these speci cations will develop as
well. Therefore, this research leaves these electric speci cations out of the scope as this will not
affect the nal outcome since it is already proven that PV farms of this size can be built and
operated effectively.

To discover the values written in table 2.2 for the cost and ef ciency in the year 2030, the
learning rates presented in literature together with the estimated price of the CAPEX and OPEX
have been used. The 25% ef ciency used for the solar panels is a result of a historical average
increase in ef ciency of 0.5% per year extrapolated to the year 2030 ?? For the CAPEX cost
the values in literature vary considerably, in (IRENA 2019) a price between 340 and 834 $/kW
(300 - 735 /kW, converted with 1.1350 USD/EUR the average rate in month of publication)
is suggested. While (Atkins 2020) has performed a comprehensive study to the learning rates
described in various studies. Pictured in gure 3.2 shows the variation in price in 2030 between
320 /kWand 800 /kW. In this research a CAPEX cost of 400 /kW was assumed correspond-
ing to the fast scenario of (Vartiainen et al. 2020) which uses compound annual growth rate of
20%.

Figure 3.2: The learning rates of various studies collected in the comprehensive study of (Atkins 2020)
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3.2 Battery

The battery is implemented in the system to store electricity during the day and release the
electricity at night to keep the production of hydrogen, nitrogen and ammonia running. It is
also used to control the ow of electricity more stably so that the ramping up limits of 20% are

not exceeded. However, the solar irradiance gradually increases or decreases in most cases be-
cause not many clouds hover above the PV panels. Resulting in a battery capacity that only has
to keep the production operations of hydrogen, nitrogen and ammonia going at a minimum.

The prediction is that lithium-ion batteries will be the cheapest technology according to the
(National Renewable Energy Laboratory 2019), with degradation of 0.05% a day and no need
to convert the electricity back to AC. Lithium-ion batteries are an ef cient way of storing elec-
tricity. The working principle of lithium-ion batteries is similar to the PV panels, but instead of
silicon, lithium is used as a semiconductor material. During discharge, the lithium ions in the
anode spilt from the electrons and travel through the electrolyte to the cathode. The electrons,
eager to recombine with the lithium ions, move through the external circuit to the cathode
creating an electric current. When charging the batteries, the process is reversed, and the elec-
trons and lithium ions move in opposite directions. The nominal voltage of the batteries often
matches the nominal voltage of the PV panels. As a result, the number of batteries connected
in series is the same as the number of PV panels connected in series. For this research, the
electricity plan does not affect the desired results, and therefore it does not dive deeper into the
electronic connections.

The CAPEX cost of the battery is divided into the power and storage capacity. The power
capacity is the amount of power that can be released at a particular moment in kW, while the
energy capacity represents the amount of energy that can be stored, measured in kWh. Both of
these components are separately modelled to nd their optimal value. The ratio between the
two is used to determine the storage duration of the battery. In literature, the cost of batteries
in future scenarios is often given for a storage duration of four hours. Meaning that the en-
ergy stored is four times as high as the power capacity. In (NREL Annual Baseline Technology
Report 2021) the cost for the two capacities combined in 2030 is $ 566/kW. This number has
been derived by taking a learning rate of 7.7% from 2020 to 2025 and a learning rate of 6.5% for
the remaining ve years. The assumption of taking the most commonly used storage duration
value of 4 hours will be evaluated by investigating the capacity results in chapter 6.1.

3.3 Electrolyzer type

Similar to the photovoltaic effect described in chapter 3.1, the electrolysis of water resulting in
the production of Hydrogen and Oxygen is already centuries old. Performed rstin 1789 by
Adriaan Paets van Troostwijk and Jan Rudolph Deiman (Mulder and Geerlings 2020). Nowa-
days, there are three main types of electrolyzers.

¢ Alkaline : Is the oldest and most commonly used technique in large-scale electrolysis.
Pictured in Figure 3.3 the system requires the least amount of maintenance. However,
they take up 0.095 (m?/kWe) around twice as much space as PEM electrolyzers, 0.048
(m2/kWe)(Birol 2019).

¢ Proton Exchange Membrane (PEM) ; PEM electrolyzers are more exible than alkaline
electrolyzers, although they work with similar pressure and temperature. However, the

23



3.4 Hydrogen Production 3 PRODUCTION PROCESSES

electrode materials (platinum, iridium) are scarcer than the nickel used in alkaline elec-
trolysis, resulting in higher installation costs.

¢ Solid Oxide Electrolyzer Cell (SOEC) : This technology has much potential but is cur-
rently not yet commercially available. Working at a temperature of around 800 °Celsius
the components degrade faster. The advantages are a higher ef ciency, and it can also be
operated as a fuel cell, producing electricity from hydrogen.

The combination of a desolate location providing enough space and the scale of the project
results that alkaline electrolysis is the preferred technology in this research. Similar studies
show that alkaline electrolysis produces the lowest LCOH as well (Gallardo et al. 2021).

3.4 Hydrogen Production

In Alkaline production, two electrodes are placed next to each other with a permeable mem-
brane in between to prevent oxygen and hydrogen from mixing. The membrane does allow
hydroxide ions and the electrolyte to pass through, keeping the solution in balance. In order
to retain suf cient ionic transfer, 25%-30% potassium hydroxide (KOH) is often added to the
electrolyte. The chemical reactions that occur when a current runs through the electrodes are:

Cathode 2H,0(l)+2e =) Hy(g)+20H (ag (3a)
Anode: 20H (ag 9 %Oz(g) + Ho0(I) + 2e (3b)
Overall Reaction : 2H,O(l) 9  2H2(g) + O2(9) (3c)

According to (Birol 2019) the load range of an individual stack is 10%-110% to prevent a
dangerous mixture of oxygen and hydrogen from forming. To improve the load range of the
whole electrolyzer the stacks can be placed in parallel. If the load would then reduce to less
than 10%, multiple series of stacks could be shut down while keeping a few running. This
way, if ten rows of stacks are placed in parallel, the minimum load range would reduce to 1%.
The operating limits for the individual stacks are 120A and between 37V and 41V (Ursua et al.
2016). Therefore, to connect ten rows parallel, the electrolyzer must be connected to 1200A.

The cost as formulated in table 2.2 for the electrolyzer have come about by combining the
costs in literature with the prediction of Prof. Ad van Wijk. This value is lower than most values
is literature that seem to have a minimum of 300 $/kW (Mallapragada et al. 2020). This is done
because the predictions in literature for such an extremely fast developing technology often
lag behind the development that has already been done during the time between the research
and publishing the article. To determine the required learning rate that is necessary for the
CAPEX to reach 180 /kW in 2030, a CAPEX of 685 /kW in 2020 is taken (converted from
(Mallapragada et al. 2020) using EUR/USD on day of publication). This results in a learning
rate of 7.3% per year and a total decrease by 73.7%.

3.5 Salt Cavern

To provide a stable source of hydrogen for ammonia production. Hydrogen will be stored in

a salt cavern. The Capex costs of this method vary from 2.69 /kg-H > (Penev et al. 2019) to
33 /kg-H 2 (Ahluwalia et al. 2019), (Mallapragada et al. 2020) depending on the cost that are
included. In this research 16 /kg-H » of (Van Wijk and Wouters 2019) is used, which includes

24



3.6 Air Separation Unit 3 PRODUCTION PROCESSES

Figure 3.3: Schematic layout of alkaline electrolysis. Modi ed from (Mulder and Geerlings 2020)

the installation cost of the compressor. The cost of the cushion gas, which accounts for about
30% of the salt cavern's capacity (Lord et al. 2014) is also taken into account. The cost can be
calculated by multiplying the production costs of hydrogen with the amount of cushion gas
and adding the opportunity costs over this investment. Lastly, the cushion gas can be extracted
once the project is nished. Selling the remaining cushion gas creates revenue which can be
subtracted from the cushion gas cost (Quintela De Saldanha 2021).

Cushion Gas Cost = Cavern Capacity 0.3 H; production price

o 4
(1 +WACC)-Tetime  cavern Capacity 0.3 Hj price )

The method for adding the opportunity costs to the overall cost of the cushion gas is similar
to the composition of the salt cavern initial costs discussed in chapter 4.4. The total cushion gas
cost calculated with equation 4 is added to the overall cost of the salt mine. The nal costs can
be found in chapter 6.3.1, but they remain minor compared to the other costs. This was also
concluded by (Quintela De Saldanha 2021).

3.6 Air Separation Unit

The ASU is responsible for retrieving nitrogen from the air to react with hydrogen to form
ammonia. The rst step in retrieving nitrogen from the air is to remove the dust and pollen
using an air lter. Carbon dioxide and hydrocarbons are also removed by compression in a
puri cation unit to preventice and dry ice from forming water vapour. Finally, the temperature

is brought down to -173 °C, and nitrogen is separated by fractional distillation in a distillation
column. Nitrogen is lique ed at -196 °C under standard pressure of 1 bar, while Oxygen (-
183 °C) and Argon (-186 °C) are lique ed at different temperatures. This process is widely
used worldwide as liquid nitrogen is commonly used as a refrigerant. Gaseous nitrogen is
also extensively used for various purposes like food packaging, steel production and crude oil
extractions.
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3.7 Nitrogen Tank

Once the nitrogen is separated from the air under -173 °C temperatures, it is directly trans-
ported through pipelines to a cryogenic tank. This tank remains below the boiling temperature
of nitrogen so that the gas stays in its liquid form. According to (Linde AG 2021) and an em-
ployee of Linde AG contacted through e-mail, the pressure in the tank is 18 bar. Similar to the
pressure in the ASU. The resulting density is between 500 - 600 kg/m 2. For industrial-scale
storage, the volume of cryogenic tanks are in the range of 500-1500 n? (information supplied
by Frank Wouters, Worley). Therefore, the maximum mass of liquid nitrogen that can be stored
is 750.000 kg. This is taken into account in the model.

The liquid nitrogen coming from the ASU is forced to enter the cryogenic tank before mov-
ing to the Haber-Bosch plant. This design has been chosen because of the extremely low tem-
peratures and the relatively small amounts of nitrogen, making it harder to keep the nitrogen
lique ed. After the salt cavern, the nitrogen tank is also the cheapest component in the system,
making it less of a priority to nd its absolute minimum capacity.

3.8 Ammonia Production

Once the liquid nitrogen leaves the cryogenic tanks, it enters the last stage of the production
process of ammonia from solar energy. In the Haber-Bosch plant, the nitrogen is recombined
with hydrogen at around 400 to 500 °C and 7 to 30 bar of pressure. The two gasses are pushed
through an iron catalyst that creates an endothermic reaction written in equation 5. This process
is energy-intensive because of the high temperatures. It consumes 0.532 MWh of electricity per
ton ammonia (lk&heimo et al. 2018). Potassium hydroxide is often added to the iron for higher
ef ciencies.

N2(9) +3H2(9) ) 2NHs(g) dH = 93[kJmol| (®)

3.9 Feed Water

In the production of hydrogen, written in equation 3c, water together with electricity is the
only necessary inputs. The supply of electricity is already extensively discussed in the afore-
mentioned chapters. However, the feedwater supply has not yet been elaborated on until now.
This is because the feedwater supply chain can be set up independently of the system discussed
in this report. Depending on the capacity of the local water distribution system, the project is
either able to directly deionize the water creating the necessary demi water from the available
freshwater sources. Alternatively, seawater will need to be transported through pipelines to a
desalination plant to extract the salt. The sequential step of deionizing the water can take place.
Rather than simulating this process, a price of 0.42 /m 3 has been taken for the feed water cost
(Franz 2017). This simpli cation is justi ed based on the calculation of the total feed water cost
and the minimal impact that this cost has on the total levelized cost.

1
Ratio NH3 H»

Feed Water Cost = 200, 00@n NH, Ratio_Water_H, Feed Water_price (6)
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When using the highest number found in the literature for the conversion of water to hy-
drogen, 30.2 kg-H,O/kg-H , (Lampert et al. 2016). The corresponding feed water cost per year
is 0.55 million euro, when using a Ratio_NH 3_H, of 5.56 [kg-NH 3/kg-H »]. Although this is a
vast number, in gure 6.6 it can be seen that the contribution to the levelized cost is minimal
and therefore simpli ed using a constant price of 0.42 /m 3.

3.10 Compressor

The hydrogen in the salt cavern can be stored between 60 and 200 bar, as calculated in chapter
5.2.2. However, the hydrogen leaves the electrolyzer with a pressure of 30 bar. A compressor is
used to make up for the pressure difference. An electric consumption of 1.42 kWh-AC/kg-H2

is taken from (Penev and Hunter 2019). The total amount of electricity consumed is relatively
small, and as a result, the compressor can be connected to the electricity grid and does not have
to rely on the PV panels. This bene ts the installation cost of the compressor because there is
no need for an inverter anymore.

In reality, the consumption of electricity by the compressor would vary according to the
pressure difference that needs to be overcome. A higher electricity consumption is expected
if the pressure gap is larger. However, in (Quintela De Saldanha 2021), the author calculates
that the electricity consumption given by the Max energy intensity is 0.52 kWh/kg for the
compression of hydrogen from 32 to 84 bar. Meanwhile, the compression of 55 to 180 bar
would require 0.50 kWh/kg using the equations 7 and 8. The contradictory result is explained
by the effect of the inlet temperature of the hydrogen.

n #
k 1
1 k I:)outlet nk
Power =Z m R T ns - —— 1 [kw] (7
h k 1 P|n|et
Power h i
Max Energy Intensity = Compressor kwWh kg ! (8)

Max Peak Capacity

The results for the differences in consumption of electricity in (Quintela De Saldanha 2021)
show that the difference is small compared to the difference in pressure. For this reason, com-
bined with the small contribution of the compressor to the total levelized cost, described in
chapter 6.3.1. The electricity consumption is assumed constant with a value of 1.42 kWh-
AC/kg-H2 (Penev and Hunter 2019). After consulting Prof. Ad van Wik, it is also assumed
that the hydrogen lost in the compression is negligible, and an ef ciency of 100% is therefore
used in the model.

3.11 Balance of System

To encompass all costs related to installing and maintaining a solar to ammonia system, the
BOS cost is included to represent everything besides the main components. This includes; the
wiring with DC-cabling to transport the electricity, the pipelines necessary to transport hy-
drogen, nitrogen and ammonia, converters that change the voltage of electricity, thyristors to
control the ow of electricity, a mounting system for the PV panels and many smaller compo-
nents. Assuming a 40% decline in the BOS cost the (National Renewable Energy Laboratory
2019) a value of 10% is used for the BOS costs of the entire system.
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4 Model description

The model responsible for implementing the technologies discussed in the previous chapter is
elaborated in this chapter. A general description of the optimization model is given in chapter
4.1. Followed by an in-detail description of the exact working principles of the algorithms
behind the optimization model in chapter 4.7. The starting point for the optimization model

is the capacity factor of the PV farm. The necessary steps to model the capacity factor are
described in chapter 4.3. To create a complete picture of the model, an explanation of the most
dif cult to model components, the buffers, is given in chapter 4.4.

4.1 Optimization model

To calculate the optimal amount of capacity for the different components in the system in order
to minimize the LCOA. MATLAB's Problem-Based approach was used in combination with
Gurobi. This presented a challenge because the time step should be as small as possible to
create a realistic model. Otherwise, the intermittency of renewable energy would not be con-
sidered. Using meteorological data of Solcast available in 1 hour time steps, the array size in
MATLAB gets too large to run on a standard laptop for periods longer than four months. An
HPC cluster of the TU Delft was used to combat this problem and run the model for a period
of nine months. A simulation for an entire year was preferred. However, the time it takes for
the model to run increases exponentially when extending the simulation period. A simula-
tion period of nine months already took two days to run on the HPC cluster, using 230 GB. A
simulation of 10 months already extended the maximum run time of seven days.

Objective Function = Minimize Lev.cost PV+ Lev. cost Battery Energy Lev. cost Battery

Power+ Lev. cost Electrolyzet Feed Water cost Lev. cost Salt Cavern capacitySalt Cavern
opportunity cost- Compressor electricty costLev. cost ASU+ Lev. cost Nitrogen Tank

Lev. cost Haber Bosch plant
)

In the objective function of the model written in equation 9 the abbreviation of Lev. stands
for levelized, referring to the levelized cost of the components. Adding these individual lev-
elized costs together with the feed water cost used in the electrolyzer and the electricity used
by the compressor in the salt cavern, the total levelized cost is calculated. With the correspond-
ing degrees of freedom, constraints and model parameter enclosed in the appendix, the model
can be solved using MATLAB's problem-based solver for Mixed Integer Linear Programming.
This program automatically selects the intlinprog function to nd a suitable ratio between the
capacity sizes of the components in order to minimize the objective function. Formulas 10 and
11 were used to calculate the levelized cost.

1

CRF=WACC ———— (10)

(1+WACCQC)t

. CRF CAPEX+OPEX
Levelized Cost (11)
Amount produced

28



4.2 Working principle of the model 4 MODEL DESCRIPTION

The risk of the proposed project for the investors was assumed to be relatively low, based on
the fact that Morocco already has much experience with the successful construction of renew-
able energy projects. Last decade Morocco invested 5.3$% billion in renewable energy projects,
resulting in a 20% share of renewable electricity in the total demand (Kasraoui 2021). There-
fore, a Weighted Average Cost of Capital (WACC) of 7% has been used. Combined with the
costs of the components written in table 2.2 as well as additional parameters, the model was
constructed.

4.2 Working principle of the model

In essence, the model nds the cheapest levelized cost to produce 200,000 ton-NHz per yeatr.
The levelized cost is dependent on every component written in table 2.2 as shown in equation
11. An increase in the capacity of a component will mean an increase in the levelized cost;
therefore, the model tries to keep the capacity of all components to a minimum. However, be-
cause some components are more expensive than others, like the Haber-Bosch plant, the effort
to minimize the capacity of those components will be prioritized.

The constraints in gure 4.1 are used to determine the capacity. Using MILP, further dis-
cussed in chapter 4.7 the model will carry out iterations in which the capacity of a single com-
ponent is changed. If this decreases the levelized cost, it will continue down this path. All
while keeping the other constraints, like state of charge and ramping limits, satis ed. All con-
straints are written in chapter A.8 of the appendix. Divided into four sections, the capacity
determining constraints also pictured in gure 4.1 affect the levelized cost directly. The other
three groups of constraints are there to create a realistic model. The operational constraints, for
example, ensure that the energy balances in the system are correct. In the rst constraint, the
output of the PV farm and the battery is equal to the battery's input, ASU, Haber-Bosch plant
and electrolyzer. This corresponds to all the DC-electricity lines in gure 2.1.
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Figure 4.1: Constraints implemented in the model that determine the capacity of different components
with a brief description.
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4.3 Modeling PV load

The system starts with the output of the PV farm. However, the PV capacity is not yet known
because the optimization model, explained in chapter 4.1, still needs to calculate all the capaci-
ties of the components to nd the minimal levelized cost. Therefore, this paper uses a capacity
factor with an hourly time step that is multiplied by the variable PV capacity to simulate the
primary energy of the system.

The capacity factor is calculated using meteorological data from the website (Solcast 2021).
This data distinguishes three types of solar irradiance; Direct Normal Irradiance (DNI), Global
Horizontal Irradiance (GHI) and Diffuse Horizontal Irradiance (DHI). Using Sandia's National
Libraries PV_LIB Toolbox (Stein et al. 2016) these three types can be combined to calculate the
total incident irradiance on the PV panels. The resulting values are given for every possible tilt
angle from 0°to 90°and every azimuth angle between 0°and 360°. However, in this research, we
use a xed setup as described in chapter 5.1.1, so the combination of both angles that deliver
the highest total incident irradiance is calculated. The last step in creating the capacity factor
is to deduct the temperature losses, calculated with the provided wind speed and the ambient
temperature in the data of (Solcast 2021).

4.4 Modelling Buffers

The three buffers bring exibility to the system by storing energy during surpluses and releas-
ing energy when needed in either the electrolyzer or Haber-Bosch plant. However, the choice to
store energy or release energy at any given moment is very complex due to many related con-
straints. They must contain enough energy to support the operations of the ASU, electrolyzer
and Haber-Bosch plant to run on minimal capacity; however, the boundaries of the state of
charge must be respected, all while considering future weather changes. The model chooses
the decision that produces the lowest levelized cost by considering all possible outcomes for
the current situation and its effects in the future.

Figure 4.2: Constraints that simulate a realistic working of the buffers implemented in the system.
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The difference between the working principle of the battery and salt cavern compared with
the nitrogen tank is evident from gure 4.2. Instead of using the binary variables vZyx de ned
in equation 13 the possible output of the nitrogen tank is calculated with the rst constraint.
This describes the volume of nitrogen necessary to combine with the volume of hydrogen that
is delivered at that moment to the Haber-Bosch plant. In the second constraint, the nitrogen
input coming directly from the ASU is deducted by this nitrogen tank output to calculate the
mutation in the level of nitrogen in the cryogenic tanks. This is then kept between the limits of
0% to 100% with constraint. The assumption that the nitrogen can simultaneously ow in and
out of the nitrogen tank is made because this avoids integers, leading to a longer solving time.
Due to the extremely cold temperatures required to keep nitrogen in its liquid form, it is also
assumed that the ASU cannot distribute the nitrogen to the cryogenic tanks directly. Surpass-
ing the cryogenic tanks would mean more pipelines that need to be cooled to extremely cold
temperatures, which would mean more energy losses. Both assumptions can be made because
of the small scale of the nitrogen supply chain compared to the rest.

The constraints for the battery and salt cavern pictured in gure 4.2 are used to prevent the
buffers from simultaneously charging and discharging. This might look overly complicated.
However, it is necessary as Matlab does not allow variables to be multiplied with other vari-
ables using a problem-based approach. This would create a non-linear problem that it can not
solve, resulting in an error. The letter M is introduced to work around this problem. It repre-
sents an extensively large number that will always be higher than the highest value for the in or
output of the buffers. Next, it is important to note that the value of the output range from [- ¥,
0]. Therefore,vZy or vSy cannot be higher than the right side of the equation. Only equal when
both sides are zero. The input, on the other hand, is always smaller or equal and therefore, in
combination with the last constraint, which ensures that vZyx and vZy are not both zero or one,
the buffers will not simultaneously charge and discharge.

4.4.1 Assumptions Initial capacity

It is assumed that some energy is present in the buffers to create a realistic scenario. If the
system would run for multiple years, this would also be the case. However, nitrogen storage
is assumed to start empty because it is assumed to be a relatively small component. To estab-
lish continuous operations over the years, the batteries and salt cavern have to end with the
same state of charge, depicted in the second and last constraint of the operational constraints
in gure in chapter A.8 of the appendix. The energy assumed in the battery at the beginning of
operating the whole system is 30% of the total capacity. While the initial amount of hydrogen
stored in the salt cavern is determined by the model using the sixth constraint in gure 4.1.

Salt Cavern opportunity cost (Cap_Salt_Cavern_Initial BenchmarkLCOH) 1.07-fetime
(12)

The most optimal amount is determined instead of taking 30% or 0% of the total capacity for
the salt cavern's initial value. This is done by calculating the opportunity costs of the hydrogen
that will form the initial capacity. Equation 12 calculates the opportunity cost by multiplying
the initial capacity of the salt cavern with the benchmark LCOH to create the missed revenue
from not selling the hydrogen stored underground in the salt cavern. The opportunity cost is
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present in the objective function to ensure it is considered when determining the minimal lev-
elized cost. To determine the initial capacity using this method results in a substantially longer
running time for the model, making it impractical for the battery and nitrogen tank. However,
the alternative method for the salt cavern is used because of the size and, therefore, the impact
on the system.

The initial capacity of the salt cavern is assumed to be zero, and while it would have been
more consistent to make this 30%, like the initial capacity of the battery, this was not achiev-
able as it caused a longer running time. A longer running time would be created because the
storage value at the end of the simulation would need to match the initial capacity. However,
when setting the initial capacity to zero, this extra constraint can be left out as every value will
be higher than zero or equal, and therefore, it makes continuous operations over the years pos-
sible.

4.5 Operational Constraints

Figure 4.3: Set of constraints that allocate the energy carriers.

The operational constraints shown in gure 4.3 ensure that the components in the system
receive the necessary energy in the form of electricity, hydrogen or nitrogen required to produce
200,000 tons of NH3 per year. Using conversion ratios written in the model description in
the appendix, the amount of hydrogen, nitrogen, and electricity required simultaneously to
produce a certain amount of ammonia is calculated per hour. This is achieved by implementing
constraints 3 and 5. Furthermore, it can be concluded from looking at the constraints in gure
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4.3 that the energy carriers all in uence each other. A slight variation in the output of the
PV load will result in less energy available for the Haber Bosch plant, resulting in a smaller
hydrogen and nitrogen feed stream in the electrolyzer. All these connections require the model
to make many considerations before deciding on the optimal value for the energy carriers and
the required capacity of the components.

4.6 Initial Condition, Load Range and Ramping Constraints

Before the whole system is completely running, it is conventional to Il the buffers to a certain
amount to ensure that the system will operate smoothly. Therefore, initial condition constraint
1in gure 4.4 is set. Besides the load ranges in constraints 2 to 6, the system also applies ramp-
ing constraints. The usefulness of ramping constraints when using hourly data can be debated
as the intention is to limit the spontaneous increase or decrease of power. However, when using
hourly data, the ramping is already not spontaneous anymore since it can be spread out over
the period of an hour. Nonetheless, they do not restrict the running time of the model, and since
similar research also applies (Nayak-Luke and Bafnares-Alcantara 2020) ramping constraint on
hourly time scales, this research implements constraints 7 and 8.

Figure 4.4: Set of constraints that create a more realistic model by imposing load ranges, ramping
constraints and the initial SOC of the battery and the salt cavern.

4.7 Problem-Based approach to Mixed Integer Linear Problem

In the previous chapter, it is brie y mentioned that a problem-based approach is used to solve
the MILP problem by automatically selecting the intlinprog function. This chapter will elabo-
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rate on the algorithms encoded in the function that allows the model to calculate the lowest
objective function value while satisfying all constraints, but rst, a brief description of a MILP
problem is given.

The optimization problem in this research can be distinguished as a MILP problem because
it does not contain quadratic expressions and is therefore linear. Secondly, there are some
continuous variables and some discrete, making it mixed-integer. These integers are used for
the decision to send electricity to the buffers or not. They are used as binary variables and are
formulated in the model like equation 13.

Z X =optimvar('Z_X',T, Type','integer’,'LowerBound’,0,'UpperBound',1); (13)

In this case, the resulting value of Z_X means to charge (1) or discharge (0) the batteries. Integer
variables create a non-convex problem; this makes it more challenging to solve. Because with
convex problems, there is only one solution, the global optimum. With a non-convex problem,
there might be many feasible, local optimums, but every combination must be tested to nd
the global optimum.

A linear programming problem will typically be solved using a non-deterministic concur-
rent algorithm, which means that the result will not necessarily be the same for each run and
that depending on the number of cores available different solvers will run simultaneously. This
speeds up the reaction as the rst outcome is chosen as a nal solution. In Gurobi's interface,
the non-deterministic concurrent algorithm is denoted with method three. Unfortunately, it is
impossible to set the algorithm option to choose method three or any other method when using
Gurobi on Matlab (Gurobi Optimization 2020). As a result, the MILP problem is rst solved
using a barrier algorithm. This is discarded in line 151 of the log output shown in gure A.11in
the appendix. The program then switches to the dual simplex algorithm to solve the problem
in this simulation. This algorithm can process much more iterations in the same amount of
time. Ultimately leading to a solution after 155,139.22 seconds.

The correlation between the primal problem and the dual problem needs to be understood
to understand the dual simplex algorithm. In this research, the primal problem's objective
function is given by equation 9. The dual problem is sort of the inverse of the primal problem.
The number of constraints equal the number of variables in the objective function of the primal
problem and vice versa. This leads to interesting properties as the solution to the dual problem
is equal to the shadow prices of the primal problem. The shadow price represents the difference
in the sum of the objective function if a value of the constraint is changed with one unit. The
dual simplex algorithm uses this information to determine which variable can be changed to af-
fect the objective function positively. Each iteration calculates the solution of the dual problem
for different constraints. If this gives a negative value, the shadow price of the primal problem
is also negative. That means that the sum of the objective function will be lower. In equation
14 that is not desirable, but the objective function in equation 9 is supposed to be minimized.
The result of changing the variable is therefore positive. The following iterations will continue
to change this variable until it no longer shows a positive effect. At that time, another variable
will be changed, and in that way, the optimal combination of the capacities of the components
in the system will be calculated.
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Primal Problem Dual Problem
Max J(X) =5%X; 2X» Min F( ) =9m +2np + 3my
2X1+ X2 9 2Zn+m 3my S
X1 2% 2 0 m  2m+2m 2
3X1+2%X2 3
X1, X2 0 m,m,my 0
(14)

5 Location Determination

In the production process of hydrogen from renewable energy sources, the production plant's
location is vital, relying on wind or solar energy for the electricity necessary to produce hy-
drogen using electrolysis. These sources must be in abundance and with the lowest variations
possible to compete with grey hydrogen. This chapter delineates the required geographical
circumstances for a suitable location to produce green hydrogen and ammonia for the lowest
possible levelized costs by rstillustrating the solar resources on the chosen location in chapter
5.1.1. Followed by a description of the geological hydrogen storage opportunities to determine
the exact location of the system in chapter 5.2

5.1 Renewable Energy Resources

In this research, the combination of wind energy with a recti er to produce direct current for
the electrolyzer is neglected because, as explained in chapter 4.1 the previously stated combi-
nation is more expensive per kWh than a combination of PV panels and batteries. This chapter
shows that Morocco has suf cient irradiance levels when hydrogen production solely relies on
solar energy as a primary energy source.

5.1.1 Solar Irradiance

Being located close to the Sahara desert and the equator, Morocco constantly receives high so-
lar irradiance levels throughout the year. When compared to the Maasvlakte in Rotterdam, the
Netherlands, a place often mentioned as a possible location to produce hydrogen for the adja-
cent heavy industry, Figure A.2 shows not only higher levels of PV output per kWh/m  2-DC,
but also a smaller seasonal uctuation. Less variation in the PV output affects the size of the
buffers as ramping limits of the electrolyzer, Haber-Bosch unit, and Air Separation Unit (ASU)
limit the system's exibility.

Using Sandia’s National Libraries PV_LIB Toolbox (Stein et al. 2016) in Matlab, the yearly
PV output has been calculated for the coordinates given in 5.2.2. This resulted in a PV output
of 534.53 kwWh/m 2 for a xed PV panel con guration. Compared to the Maasvlakte (307.481
kWh/m ?) this is 74% more. If the PV panels were installed on a single rotating axis from
east to west, the difference between Essaouira (661.568 kWh/n?) and the Maasvlakte (364.235
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Figure 5.1: Difference between PV output in Rotterdam and Essaouira. Created in Matlab using
Sandia's National Libraries PV_LIB Toolbox (Stein et al. 2016) and meteorological data from the
website Solcast (Solcast 2021)

kWh/m 2) would be even more, namely 82%. This means that installing a single-axis rotat-
ing system instead of a xed con guration would improve the output by 24%, in line with
(Bolinger et al. 2019). This improvement outweighs the extra cost. Therefore, nearly 70% of
new PV farms are built with single-axis tracking from east to west.

However, being close to the Sahara desert also brings dif culties with it. Due to the sandy
environment, small sand particles will probably cause abrasive wear in the rotating, mechanical
parts. This will lead to much maintenance and higher OPEX costs, in uencing the credibility of
the results obtained in this research. The PV panels are therefore modelled in a xed con gu-
ration. Still generating enough electricity to keep the levelized costs of energy on a competitive
level.

5.2 Geological storage opportunity

Another geographical factor important for hydrogen production is the ability to store the hy-
drogen. As hydrogen is the smallest element in the periodic table, this can be dif cult and
expensive. The cheapest medium of storing hydrogen is in salt caverns. Currently, there are
ve facilities in the world using salt caverns for large-scale hydrogen storage (Mallapragada

et al. 2020). The oldest of these facilities is already successfully in use since 1972 in Teesside,
UK (Crotogino 2016). Showing that this is a reliable option for the storage of hydrogen. Re-
search into the subsurface of Morocco has been published since 1960 (Tortochaux 1968) for the
purpose of hydrocarbon excavations. These geological screenings can be recycled to determine
the available capacity of salt caverns for hydrogen storage. This chapter will elaborate on the
suitable locations for large-scale hydrogen storage in section 5.2.1 and explain the methods
used to determine the capacity of an appropriate salt cavern in chapter 5.2.2.
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Figure 5.2: Salt tectonic map of Morocco. Showing multiple basins including Essaouira and Souss
basin retrieved from (Tari et al. 2017)

5.2.1 Salt Cavern locations

The opportunity of hydrogen storage in a salt cavern, instead of in tanks, has such a positive
impact on the business case (Mallapragada et al. 2020) that the required location of the pro-
posed project is dependent on suitable caverns. Speci ¢ geological properties are essential to
determine the amount of hydrogen that can be stored in a salt cavern: the cavern height, cavity
volume, depth and spatial structure all in uence the hydrogen storage potential. There are sev-
eral onshore salt basins of which these properties are known. This research does not include
the offshore basin stretching for 100km as this would not co-function well with the onshore
solar farm.

The Souss-Massa basin (stated in gure 5.2 only as the Souss basin) and the Essaouira basin
are the two most southerly located basins. Combined with higher solar irradiation towards
the south, these two are the most promising locations and are therefore examined closer in this
research to nd a possible location for the system.

Beginning with the Souss-Massa, basin salt layers have been discovered at different heights
near the surface. Varying between depths of 185-200 m, 315-415 m and 425-545 m. This is rela-
tively close to the surface. Combined with the discovered maximum thickness of the salt layers
here of around 120 m, this does not create the best conditions for large-scale hydrogen storage.
Although it would be possible to store hydrogen, the volumes of the salt caverns would likely
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be smaller than 20.000 n? (Hssaisoune et al. 2017). Due to the shallow depth, large pressures
can not be achieved, making the Souss-Massa basin not ideal for large-scale hydrogen storage.

Figure 5.3: 2D image of subsurface Essaouira basin including the Tidsi diapir, retrieved from (Tari et al.
2017).

On the other hand, the Essaouira basin has very promising geological properties. One of
the salt caverns called the Tidsi diapir, pictured in gure 5.3 has a minimum cavity volume of
200.000n% according to internal information received from Deep-KKB. The composition of the
subsurface can be seen in a lithologic summary of the Tamergat-1 (TGT-1) well. This well on
the east side of the Tidsi diapir was drilled in 1982 for hydrocarbon exploration after oil was
found in the nearby reservoirs called Sidi Rhalem and Toukmit (Tari et al. 2017). At a depth of
550 m, salt structures were encountered until a depth of 1800 m, after which salt layers started
to alternate with layers of limestone and anhydrite. In combination with the depth of 1800 m,
this would make a suitable location for large-scale hydrogen storage.

5.2.2 Hydrogen storage capacity

The equations provided in (Caglayan et al. 2020) are used to calculate the weight of hydrogen
in kilogram that can be stored in this cavern. The appropriate geological values of the ambient
temperature, depth, cavern height, and rock density are required to perform the calculations
correctly. In the previous chapter 5.2.1 the values for the depth and cavern height are already
stated; however, it was advised by one of the authors of the paper (Caglayan et al. 2020) to use
1700 m for the depth as higher values are very uncommon. The cavern height is a dimension
dependent on the spatial structure of the salt cavern. In this case, 300 m is used corresponding
with a domal salt cavern structure, instead of 120 m used with bedded structures. The advised
rock density was 2100 kg/m 3. Lastly, the ambient temperature was available in the data of
(Solcast 2021), previously used to calculate the solar irradiance. All other values used in the
equations 15 till 18 are speci ¢ properties of hydrogen.
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Heigh
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After calculating the overburden pressure using equation 16 the maximum and minimum
pressure can be calculated by taking 80% and respectively 24% of the overburden pressure cal-
culated by equation 16. Using a gravitational acceleration of 9.81 m/s 2 this gives a maximum
value of 197.6 bar and a minimum of 59.3 bar. This in uences the density, as can be seen by
equation 17. Whereby, the molar mass [M] is given by 2.016 3 kg/mol, the compressibility fac-
tor [Z] of hydrogen is 1.15 (Makridis 2016), the universal gas constant [R] is 8.134 JK Imol 1
and the temperature 321,75 K calculated with equation 15. The total mass of hydrogen that
can be stored in the salt cavern is eventually calculated by taking the difference between the
highest and lowest density and multiplying this with a safety factor[  dsater] of 70% and a cavity

volume of 500.000 nv.

This is an estimated guess for the cavity volume as it is known that the minimum value for
this cavern is 200.000 n¥ and that the largest caverns can reach up to 1.000.000 i (Michalski
et al. 2017), (Bunger et al. 2016). This results in a capacity of 3300-ton hydrogen for the Tidsi
diapir at the exact location; Lat: 31.41, Lon: -9.55.
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Figure 5.4: Lithologic summary of the Tamergat well. Drilled in 1982. Approximate location Latitude:
31.41, Longtitude: -9.55. Cropped from (Tari et al. 2017) to cut off deeper layers.
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6 Results

This chapter aims to present all the results obtained from the model in a clear manner. Starting
with the optimal sizing of the components to achieve the lowest levelized cost in chapter 6.1.
The allocation of the energy carriers is described in chapter 6.2 to discover how the model
operates. In chapter 6.3 essential information about the obtained levelized cost is presented,
followed by a sensitivity analysis of the obtained levelized costs in chapter 6.4.

6.1 Optimal Capacity of Components

As described in chapter 4 the capacity of the components is used in the calculation of the lev-
elized cost by multiplying it with the CAPEX and OPEX cost in table 2.2. The values written
in bold numbers in gure 6.1 are the result of running the model for a simulation time of nine
months. As expected, the primary energy source, photovoltaic power, has the highest capac-
ity. Furthermore, the effect of hydrogen and nitrogen buffers is evident when comparing the
capacity of the Haber-Bosch plant to the electrolyzer. The two can be compared by converting
25.8 ton NH3/h to megawatt, using a value of 22.5 MJ/kg (Valera-Medina et al. 2018) for the
energy density. This results in a capacity of 180 MW for the Haber-Bosch plant, which means
the electrolyzer has 3.8 times more capacity. If the electrolyzer and Haber-Bosch plant were
directly coupled, this scaling factor would be 1.2. Not 1.0, because it is assumed the ef ciency
of the electrolyzer is 83%.

Figure 6.1: Schematic of system with the optimized capacity size of the components included as well as
information on the electric system and the pressure required in some components.

The determined capacity of the salt cavern, 213 ton-H», is only 6.4% of its maximum poten-
tial calculated in 5.2.2. This amount could be compared to the amount of hydrogen produced
by the electrolyzer if it were to run for 15 hours on 100% capacity. To discover if this relatively
low storage capacity depends solely on the amount of hydrogen produced or if a mistake was
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present in the model. The optimization is also performed with different desired outputs of
400.000 and 800.000 ton NH per year instead of 200.000 ton NH3. With these values that are
two and four times as high, the capacity of the salt cavern increases with 97.6% and 160.4%, to
12.7% and 16.8% of the initially assumed capacity of 3,300 ton-H, table 6.1. To put these num-
bers into perspective, the largest planned green ammonia project with 3 GW of PV capacity
and 0.5 GW of wind power capacity will produce 900.000 ton-NH 3 per year (Gupta 2021). This
shows that the size and geological properties of the salt cavern elaborated in chapter 5.2 has
more than enough capacity to store hydrogen for the largest projects that are yet to be built.

If only a small part of the total storage capacity of the salt cavern will be used, as can be
seen in column 3 of 6.1. The maximum pressure in the cavern will not reach its limit of 297.6
bar as calculated in chapter 5.2.2. It would differ with a small amount from the minimum
pressure of 59.3 bar. Reaching a maximum pressure of 68.4 bar for the proposed output of
200,000 ton NH3 per year. Consequently, the assumption of taking a constant value for the
electricity consumption by the compressor instead of using a variable consumption affected by
the difference in pressure is justi ed. As discussed in chapter 3.10 the difference was already
minimal if the pressure went from 55 to 180 bar or from 32 to 84 bar. A difference of 9.1 bar
would, therefore, de nitely be negligible.

Yearly NH 3 output || Capacity | Percentage  of | Pressure PV capacity | Electrolyzer
[ton-NH 3] [ton-H 5] 3300 ton-H, [%] | range [bar] | [GW] capacity [GW]
200,000 ton-NHs 213 6.4% 59.3-68.4 | 0.87 0.68

400,000 ton-NH3 420 12.7% 590.3-77.2 | 1.76 1.38

800,000 ton-NHs 554 16.8% 59.3-82.9 | 3.58 3.03

Table 6.1: The results for an increase in ammonia output. For a value 4 times the initial output the salt
cavern reaches only 16.7% of the possible capacity.

The capacity results show that the designed system is feasible as all components and their
corresponding capacity have been constructed before except for the alkaline electrolyzer with
a capacity of 683 MW. The largest electrolyzer in use today has a capacity of 10 MW (Radowitz
2021). However, the stacks in the alkaline electrolyzers are modular, just like the PV panels,
making it possible to increase the capacity exponentially in a short period. Consulting the elec-
trolyzer projects database of (IEA 2020) also shows that the average electrolyzer capacity will
be much higher in 2030, gure A.4.

In chapter 3.2 it was assumed that the battery required a storage duration of 4 hours, which
corresponds to the chosen CAPEX costs. When dividing the energy capacity result by the
power capacity result, the answer is 4.89. Therefore, the assumption was correct since the other
available CAPEX costs are given in 2, 6, or 10-hour storage durations. However, a combination
of 4 and 6-hour storage duration batteries will give the most accurate value for the CAPEX cost.

PV Area

To calculate the area required for a PV farm with a capacity of 869 MW, one must consider
that the area will be more than only the surface area of the PV panels. Access roads, service
buildings, substations and other infrastructure must be present on the location. Furthermore,
the PV panels need to be placed at a distance from each other as the panels' shadows will
otherwise cast over each other. In (Ong et al. 2013) the average weighted-capacity land use is
calculated with data consisting of PV farms with an accumulated capacity of 744 MW ac. The
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result is that the direct land use for a xed con guration of the PV panels is 43 MW  ac/km 2. A
conversion factor of 0.85 MW oc/MW pc was used. Using this information, the area required
for the PV farm in this research would be 17.2 km 2. Considering a higher ef ciency for the
PV panels in this research than the PV panels examined in (Ong et al. 2013) will result in a
smaller area. The average ef ciency in (Ong et al. 2013) is 11%, while this research assumes
25%. The resulting decrease in PV panel surface will therefore be 127%. The PV panel surface
can be calculated with the equation 19. Resulting in an area of 3.39 km?, if an ef ciency of 25%
is used. The term max( xed_Output_Solar_DC stands for the peak output of the PV panels in
W/m 2, which is 225 [W/m 2]. Considering the higher ef ciency, the area reserved for the PV
farm would decrease from 17.2 km? to 12.87 kn?. This translates to 3.66 acres per megawatt,
which is in line with the proposed 4 acres per MW, for an ef ciency of 18%, in (Narasimhan
2014).

Cap_PV

PV Panel surface = :
Anel SUnace = axfixed Output_Solar DC

(19)

6.2 Allocation Energy Carriers in Integrated System

To better understand the capacity size of the components and how the model operates. The
allocation of the energy carriers is discussed in this chapter. In gure 6.2 it is visualized using
a Sankey diagram, scaled to the sizes of the energy output calculated in GWh for the whole
simulation period. The rst bar represents the PV energy output. It shows that only 0.5% of the
produced electricity is allocated to the ASU. The ASU also receives electricity from the battery,
and although the proportion of electricity from the battery to the ASU is higher, the amount is
still only 2.1%. This results in the ASU and nitrogen tank having the smallest capacity when
scaled to GWh. Furthermore, the dominant role of the salt cavern as a buffer in the system
is con rmed by receiving 40.3% of the hydrogen produced by the electrolyzer and being the
largest of the three buffers in the system. The total energy lost by converting electricity from the
PV panels to ammonia is 34.4%. Resulting in a total energy ef ciency of 65.5%. This ef ciency
is consistent with the value calculated with data from the future of hydrogen report (Birol
2019). This report states an electricity consumption of 35.3 GJ/ton-NH 3 for the whole process of
converting electricity to ammonia. This includes the electrolyzer, nitrogen supply and Haber-
Bosch plant. Using equation 20 and the energy density of ammonia, 6.25 kWh/kg-NH 3 (Valera-
Medina et al. 2018) the result is 63.74%. The ef ciency in this report is slightly higher, which is
primarily caused by a higher ef ciency of the electrolyzer.

Energy_Density yH,

. = — - 20
Electricity NHs  Electricity_Consumption nu, (20)

The short blocks of the feed water and compressor in gure 6.2 justify the assumption made
at the beginning of this research to provide these components with electricity from the grid
instead of electricity from the PV panels. The height of the blocks shows that they do not
consume that much electricity that it would be necessary to connect them with the PV farm.
The determination of the height of the compressor was straightforward. By multiplying the
compressor's electricity consumption (Com_Ene_H ) times the amount of hydrogen passing
through. However, to determine the value of the feed water in GWh, equation 21 was used.
As the feedwater enters the electrolyzer with a temperature of 80 °Celsius, this contains energy
which can be calculated by subtracting the ambient temperature of 25 °Celius and multiplying
it with the heat capacity of water [kj/(kg  K)] and the total amount of water used in the elec-
trolyzer. Because it is unclear if freshwater is available or if saltwater needs to be desalinated,
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the electricity consumed by the reverse osmosis process in a desalination plant is left out of the
gure. This would not make a difference since the electricity consumption is relatively small.
In a comprehensive overview of the process, 3 kWh/m 2 is used for the electricity consumption
(Kim et al. 2019). When multiplying this with the amount of water used, the result is 835.1
MWh. Compared to the result of equation 21 this is 4.7% of that.

Electricity consumption Feed Water = dT Heat Capacity H,O H,O_used (21)

The differences in the state of charge of the buffersin gure 6.3 are a result of the location in
the system and the differences in the CAPEX and OPEX cost. The SOC of the battery shows that
the battery purely acts as temporary storage to bridge the gap between day and night, while
the salt cavern clearly shows that it works for long term storage as well. This is observed from
the changes in capacity corresponding to irregularities in the PV output. These irregularities in
the PV output are caused by clouds blocking the sun rays from hitting the PV panels. In gure
6.3 this phenomenon can be observed around 1800 hours. A gap in the PV Load results in a
disturbance in the SOC of the battery. As a result, the salt cavern completely depletes its stored
hydrogen showing a decline of 100% in the SOC of the salt cavern. When the sun begins to
shine again, the PV load recovers and the salt cavern can build its SOC back up again.

Figure 6.2: Sankey diagram of the allocation of energy carriers. H », N> and NH 3 values are converted
to GWh using energy densities of 39.4 kwh/kg (Harrison et al. 2010), 712 kJ/kg (Rizvi et al. 2021) and
22.5 MJ/kg (Valera-Medina et al. 2018), respectively.

The function of the salt cavern can also be examined by explicitly looking at the summer pe-
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riod in gure 6.3. The hours between 3625 - 5833 represent the months June, July and August.
In this period, a gradual increase in the SOC of the salt cavern is observed. A more signi cant
increase could be expected as it might be logical to think that the buffers will build up in peri-
ods of high irradiation. This is partly true, but the main consequence of the higher irradiance
levels in the summer is that the Haber-Bosch plant can run at full capacity observed in gure
A.6. This shows that the buffers mainly act to bridge periods of low solar irradiance, quickly
increasing their buffers just before the bad weather arrives.

Due to the chosen location close to the desert, as explained in chapter 5, the disturbances
by the formation of clouds are relatively small. Therefore, the need for salt cavern capacity is
much smaller than if this system were to operate in, for example, the Netherlands or Germany,
countries that experience much more cloud opacity throughout the year.

Figure 6.3: In sub gure 1, the electricity output in kWh on an hourly basis of the PV farm is shown. In
sub gure 2, the state of charge of the battery is plotted. In the last sub gure, the state of charge of the
salt cavern is shown. The clear cut at 20% and 95% in sub gure 2 results from the assumed load range
of 20% and 95%. For the salt cavern, the load range is already implemented in the capacity limit
calculated in chapter 5.2.2.

To keep the levelized cost to a minimum, the capacity of the most expensive component
must be as small as possible. The component must operate as much as possible on its maxi-
mum load to achieve this. In this system, the most expensive component is the Haber-Bosch
plant, table 2.2. Looking at gure 6.4 which depicts the load distribution of the Haber-Bosch
plant, it can be concluded that the model tries to pursue this strategy. After the dip in the solar
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farm output around 1800 hours seen in gure 6.3, the Haber-Bosch plant runs on its maximum
capacity for around 100 days. The difference with the load distribution can be observed from
gure 6.4 as well. Being the cheaper component, the bene t of operating the electrolyzer on its
maximum capacity is smaller; therefore, more uctuations can be observed in the load distri-
bution. The difference between these components shows that the model makes the right design
choices.

It has been tried to set the capacity of the Haber-Bosch plant beforehand to reduce the run-
ning time of the model. This way, the model could leave one variable out of the equation
by taking the average output necessary to reach a total output of 200,00 ton-NH 3 per year and
multiplying it with 10%. The assumption was that the capacity of the Haber-Bosch plant would
be suf ciently scaled. However, this resulted in an error due to a lack of exibility.

Figure 6.4: The load distributin of the electrolyzer and Haber-Bosch plant during a simulation period
of nine months.

6.3 Levelised costs

The levelized costs are vital in making a relevant comparison between different energy carriers.
Already stated in chapter 1.1, it ensures that the scale of the project does not in uence the
comparison. In chapter 6.3.1 the LCOE of the PV power is discussed following an elaboration
on the nal LCOH and LCOA achieved in this project in chapter 6.3.2

6.3.1 Levelized Cost of Energy

The levelized cost of the electricity produced by the PV panels can also be calculated to evaluate
the potential of the PV power as a primary energy source. Dividing the equivalent CAPEX cost
for a year plus the OPEX cost with the annual output of electricity produced by the PV panels
results in the levelized cost of electricity, equation 22.

CRFy CAPEX _PV+OPEX PV  Cap PV
LCOEPV =

Annual PV Power Produced (22)
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To compare the LCOEpy achieved in this report with the winning bids in solar energy auc-
tions is dif cult because the LCOE py presented in the bids do not always represent the true
LCOE. Antonio Delgado Rigal made a similar statement, the chief executive of energy forecast-
ing service Aleasoft, about the lowest bid ever of 0.01114 /kWh in a solar energy auction in
Portugal (Bellini 2020). To put this bid into perspective, the previous lowest bid was 0.0124

/kWh (Brinck 2021). However, this was in Abu Dhabi, where the solar irradiance is about 1.2
times higher (Global Solar Atlas 2021). The technological advancement in this period could not
explain the difference as there was only a month in between the two auctions. Antonio Del-
gado Rigal explained that the bidding price is in uenced by many more factors than the ones
represented in equation 22. In this case, the historically low price was partly caused by a 15-
year purchase agreement and the rights for land and grid connection to build solar farms in a
certain region in Portugal. These bene ts made it possible for the energy company to decrease
its bidding price.

Figure 6.5: The orange numbers are the LCOE of PV power for different variables in this paper and the
black numbers represent the lowest bids in solar auctions across the world. Portugal bid (Bellini 2020),
Abu Dhabi bid (Global Solar Atlas 2021).

The LCOEpy in this project is calculated to be 0.0165 /kWh, as can be seen in gure 6.5.
The effect of the WACC on the LCOEpy is also clear from the gure. If the WACC would
decrease to 5% instead of 7%, the LCORy would be 0.0138 /kWh, and a WACC of 3% would
result in a value very close to the lowest bid ever. The effect of the WACC on the levelized cost
will be further discussed in chapter 6.4.

6.3.2 LCOHand LCOA

To answer the main research question stated in chapter 1.4 the results displayed in gure 6.6
are essential. The model has determined the lowest possible levelized cost of hydrogen and
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ammonia. The costs are split up per component and stacked on top of each other. The graph
shows the levelized cost of hydrogen on the left and ammonia on the right. On both sides, the
PV and electrolyzer blocks are at the bottom of the graph. This means that the PV farm and the
electrolyzer have the biggest in uence on the total levelized cost. They contribute to the total
LCOH with a combined 78.2%. In table 6.2 all the components are listed with their correspond-
ing contributions to the LCOH and LCOA.

The total LCOH for a simulation time of nine months is 1.63  /kg-H ». The total height of
the bar on the left in gure 6.6 represents this outcome. In the gure, the grey, blueish area
represents the price of hydrogen produced with natural gas. Using a price of 100 /ton-CO , ¢q
for the penalty of emitting CO » which corresponds to the moderate scenario as discussed in
chapter 1.1.2. The minimum levelized cost of blue hydrogen will be 1.41 /kg-H », correspond-
ing with a natural gas price of 2 $/MBTu. Corresponding to the top of the stacked bars is a
gas price of 3.16 $/MBTu. This means that the price of natural gas needs to be higher than 3.16
$/MBTu or 12.25 /MWh for green hydrogen with a LCOH of 1.63  /kg-H > to be cheaper. The
positive result for the development of green hydrogen is mainly contributed to the expected
rapid decline in electrolyzer and PV costs. The contribution of the carbon price on grey hydro-
gen is limited. With a price of 100 /ton-CO , eqthe additional cost to are 0.1 /kg- » as shown
in table 1.2.

Components and their corresponding contribution to the levelized costs

LCOH PV Electrolyzer BOS cost Battery Power | Battery Energy | Feed Water
49.8% 28.4% 10.0% 7.1% 4.5% 0.23%
PV Electrolyzer | Haber-Bosch BOS cost Battery Power ASU
LCOA 40.0% 21.8% 11.2% 10.0% 5.4% 4.5%
Bat. Energy | Compressor | Salt Cavern Feed Water Salt Cavern N, Tank
4.11% 2.27% 0.40% 0.18% 0.02% 0.01%

Table 6.2: The components are listed from left to right according to their contributions to the levelized
cost of hydrogen and ammonia.

The accumulation of the LCOA depicted in gure 6.6 is similar to the LCOH. With the PV
and electrolyzer contributing to 61.8% of the total LCOA, their share has fallen because the
LCOA is constructed of more components than the LCOH. Next, the second most expensive
component, per kWh (Tabel 2.2), is the Haber-Bosch plant with a contribution of 11.2%. The
ASU is also only present in the LCOA and ts in after the BOS costs [10%)], battery power ca-
pacity cost [5.5%] and before the battery energy capacity [4.1%] cost, with a contribution of
4.5%. The other components stated in the last row of the legend in gure 6.6 have a combined
contribution of 2.7%. However, this does not mean that they are invaluable in the system. If,
for example, the salt cavern would be removed from the system and an alternative form of
hydrogen storage would not replace it, the LCOA would be 1.52 /kg-NH 3, 3.8 times higher.
Even though the salt cavern only accounts for 0.42% of the total LCOA. This is because the ca-
pacity of the battery energy and nitrogen tank increases by 556% and 1,796%, respectively. To
compensate for the absent long term storage of the salt cavern. In total, the LCOA is 0.394 /kg-
NH 3, corresponding to a gas price of 4.49 $/MBTu (17.41 /MWh). Well-situated to compete
with ammonia from fossil fuels that have a predicted minimum levelized cost of 0.29  /kg-
NH 3 when the gas price is 2.0 $/MBTu and a carbon price of 100 /ton-CO , ¢qin 2030.
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Figure 6.6: The components of the LCOH and LCOA are arranged from their contributions to the
levelized cost, with the PV and electrolyzer having the biggest impact on both the LCOH and LCOA.
The grey area represents the levelized cost from the method using SMR discussed in chapter 1.1.3. The
price of carbon is assumed to be 100 /ton-CO 5, and the electricity price is 100 $/MWh

6.4 Sensitivity Analysis

The importance of a sensitivity analysis is stated in chapter 6.4.1 together with the results from
varying the cost of the components. In chapter 6.4.2 the in uence of the levelized cost is also
discussed.

6.4.1 Sensitivity to the components

In this paper, the date for the proposed project is set in 2030, as stated in the main research
guestion. The cost assumptions written in table 2.2 have, therefore, quite a lot of uncertainty in
their predictions. To develop a broader understanding of the competitiveness of the calculated
levelized cost, the CAPEX and OPEX cost uncertainty is elaborated in this chapter through a
sensitivity analysis. This analysis has been performed by multiplying the CAPEX and OPEX
with 1.5 and 0.5 to simulate an increase and decrease in cost for every component separately.
The combined sensitivity of the most contributing components to the levelized cost is also
calculated similar manner.
The left-hand side of gure 6.7 represents the sensitivity for the LCOH. As expected, the or-
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Figure 6.7: Sensitivity analysis of the most contributing components in the production of hydrogen and
ammonia. Created by running the model with 50% higher and lower CAPEX and OPEX costs for each
component.

der in which the components in uence the sensitivity is the same as the order of contributions
to the levelized cost. This means that if the costs of batteries would change, whether it is the
energy capacity or the power capacity, the levelized cost of the produced hydrogen would only
marginally change. An interesting phenomenon observed when closely looking at the bars of
the battery energy is that the black line representing the standard LCOH does not divide the
bars into two equally large pieces. The upper part is smaller than the lower part. This shows
the exibility of the system. If one component increases in cost, the model will decrease the
capacity of this component and increase the capacity of the other components to compensate.
This effect is almost absent in the bars representing the sensitivity of the PV power and elec-
trolyzer. For the reason that these components are more dif cult to scale down as the PV power
is the primary and only energy source of the system.

The sensitivity analysis results in levelized cost prices that can still compete with hydrogen
produced from fossil fuels. With a 50% increase in CAPEX and OPEX cost, the total LCOH is
2.48 /kg-H ,. For ammonia, the levelized cost will be 0.5817 /kg-NH 3. This compares to a
gas price of 7.71 $/MBTu (29.89 /MWh) and 9.04 $/MBTu (35.05 /MWh). Due to the low
amount of installed electrolyzer power in the world at the moment, gure A.4, the cost for this
component is the most uncertain. However, when the cost of the electrolyzer varies by 50%, the
LCOH is 1.3911 - 1.9044 /kg-H » (LCOA; 0.3502 - 0.4459 /kg-NH 3) which will still be under
the 2 /kg-H , and therefore well below most alternative production methods in 2030.

6.4.2 Sensitivity to the WACC

The sensitivity of the model to the WACC has also been examined. The WACC, short for
Weighted Average Cost of Capital, is the interest that will need to be paid over the loan for
the proposed project. A low amount of 5% or even 3% means little risk involved with the
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project. The chance that the moneylenders will be paid back is high, and therefore they do not
have to charge high interest to make up for this insecurity. Projects that propose a low risk
consist of well-proven technologies in stable countries with reliable companies. The impact of
the WACC on the levelized cost is substantial gure 6.8. It is, therefore, bene cial to keep it
as low as possible. Morocco proposes the lowest risk with a stable government and a proven
track record of investments in renewable energy technology from the North-African countries.
A WACC of 7% is assumed in this model, resulting in the previous stated LCOH of 1.63  /kg-
H, and LCOA of 0.394 /kg-NH 3. A higher WACC of 9% increases the levelized cost with
16.6% and 15.6% to 1.9267/kg-H , and 0.4610 /kg-NH 3, respectively. This amount is already
higher than if the electrolyzer would increase with 50% in cost. A WACC of 3% and 5% result
ina LCOH of 1.1586 /kg-H , and 1.3989 /kg-H » and LCOA of 0.2863 /kg-NH 3 and 0.3404
/kg-NH 3. It can be concluded that a difference in WACC of 2% has about the same effect as a
difference in electrolyzer cost of 50%, showing the importance of a safe investment climate to
develop the lowest possible value for the WACC.

Figure 6.8: Sensitivity analysis of the LCOH and LCOA with a varying WACC.

6.4.3 Sensitivity of the Model

By measuring the effect of large variations in the costs of the components and the WACC the
degree of competitiveness can be examined. However, it does not say anything about the re-
silience of the model. Therefore, smaller variations provide more useful information in de-
termining the model's sensitivity. Unfortunately, a more delicate sensitivity analysis has not
been performed in this research. Nonetheless, by examining the model's outcome for different
simulation periods, the assumption that a simulation time of nine months is also useful in de-
termining the competitiveness, can be validated.

As previously mentioned, it was not possible to run the model for a longer simulation
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period than nine months due to running times longer than seven days. Therefore, the last
circle representing the levelized cost stops at nine months. However, it was assumed that the
result would get closer to the limit with each increased simulation period. To test how many
resources were necessary to run the model it had previously been running for periods of 2, 4,
6 and 7 months. With this information gure 6.4.3 was created, showing an exponential decay
and a minimal difference in the levelized cost of nine months compared to twelve months. This
suggests that by running the model for only nine months, the outcome can be still be used to
compare it against the levelized cost of fossil fuel-based production.

Figure 6.9: Sensitivity of the model to the simulation time. The circles represent the levelized cost
corresponding to a certain simulation time.
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7 Conclusion

This research aimed to investigate how green hydrogen and ammonia could be competitive
with hydrogen and ammonia produced from fossil fuels when comparing the levelized cost
for 2030. By designing a exible system with electricity, hydrogen and nitrogen storage that
would produce 200,000-ton of ammonia each year using solar power. The sizes of the com-
ponents were minimized to produce the lowest possible levelized cost using an optimization
model. In this section, the results will be summarized.

The calculated capacity results show that the optimization model has produced credible
results. For an output of 200.000 ton-NH 3 per year, the system requires 0.87 GW of PV capacity
and 0.68 GW electrolyzer capacity. This can be compared to a recently announced project of a
much larger scale. To produce 900.000 ton-NHs per year in Oman 3 GW PV capacity and 0.5
GW wind power will be installed (Gupta 2021). When increasing the output of this research to
800.000 ton-NHjz per year this results in a PV capacity of 3.85 GW which is in the same order of
magnitude.

Another interesting nding presented in chapter 6.1 is the calculated required capacity of
the salt cavern. If the salt cavern would be used to its maximum potential, it could store 3,300
ton-H » with pressures between 59.3 - 197.6 bar. However, only 6.4% of the total available ca-
pacity will be necessary for the storage of hydrogen when the system is scaled to an output of
200,000 ton NHs a year. If this output were to increase 2 or 4 times, this would result in a salt
cavern capacity of 12.7% and 16.8% of the initially assumed capacity. This nding is bene cial
for the proposed solar power to ammonia system as more feasible locations can be exploited
when the maximum capacity of the salt cavern can be much smaller. However, this will not
lead to a better location in Morocco as the other suitable salt basins do not receive more sun-
light than in the Essaouira basin. Although, the Souss-Massa basin is located more towards the
south, near Agadir. It can be seenin gure A.1 that the levels of solar irradiance are lower than
East of Essaouira, where the Tamergat well is located (Lat: 31.41, Lon: -9.55). Secondly, similar
projects in the same region will probably use the remaining capacity. Instead of separately de-
veloping salt caverns for hydrogen storage, multiple projects can make use of the same cavern.
This way, the excavation costs, buffer gas costs, and transport costs through pipelines can be
split. Therefore, the assumption that the Essaouira basin is the best location for storing hydro-
gen in Marocco is justi ed.

By evaluating the results on the allocation of energy in the different components, it can
be concluded that the modelling has been done correctly. Assuming that a small amount of
electricity consumption would allow the feed water and hydrogen compressor to be connected
to the electricity grid instead of the PV panels turned out to be true. The constraints used to
model the components correctly can be validated by observing the Sankey diagram in gure
6.2 and the load distribution curves in gure 6.3 and 6.4. With a total ef ciency of 65.5%, which
is slightly higher than the calculated ef ciency of 63.75% from (Birol 2019). In the load distri-
bution graphs, the consequences of the load range constraints written in gure 4.4 are clearly
visible. In the graph depicting the SOC of the battery and the graph depicting the capacity of
the Haber-Bosch plant, the blue line is cut-off at 20%, showing that the constraints are taken
into account.

The most important result to answer the main question stated in this research, of how green
hydrogen and ammonia can compete with fossil fuel-based production, are the levelized cost
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results. Having performed an optimization in which every component is minimized in order

to keep the levelized cost as low as possible while satisfying all constraints has resulted in a
levelized cost of green hydrogen and ammonia of 1.63 /kg-H » and 0.394 /kg-NH 3 for 2030.
This will make green hydrogen competitive when natural gas reaches a price of 3.16 $/MBTu
or 12.25 /MWh, converted using USD/EUR rate of 0.88 and a conversion factor of 0.29308
MWh/MBTU, and taking into account a carbon price of 100  /ton-CO , ¢4 For green ammonia
to be cheaper, the gas price must be greater than 4.49 $/MBTu or 17.41 /MWh. With the re-
cent natural gas prices rising rapidly due to the con ict between Russia and Ukraine, gas prices
have already reached multiples of these values. The same conclusion is drawn when including
the uncertainty about the development of the CAPEX and OPEX cost for the individual com-
ponents. Resulting in combined range of 0.8285 - 2.4770 /kg-H » and 0.2155-0.5817/kg-NH 3
when varying the CAPEX and OPEX cost. The upper margin would compare to a gas price of
7.71 $/MBTu and 9.04 $/MBTu. Lastly, the components with the biggest impact on the lev-
elized cost are the PV farm and the electrolyzer with a contribution of 49.8% and 28.4% to the
LCOH and 40.0% and 21.8% to the LCOA. Therefore, these components are the most respon-
sive to changes in the CAPEX and OPEX. This was not assumed as the Haber-Bosch plant was
the most expensive component. Nonetheless, this demonstrates the salt cavern's usefulness in
keeping the Haber-Bosch plant's capacity to a minimum.

8 Discussion

In this chapter, the relevance of the results is discussed to provide a clear picture of the essence
of this research to the existing research of green hydrogen and ammonia systems. This will be
achieved by comparing the obtained results with the results of similar research and indicating
the limitations of this research.

The results indicate that green ammonia and especially green hydrogen can compete with
ammonia and hydrogen produced from fossil fuels in 2030. With a LCOH of 1.63 /kg-H »
and a LCOA of 0.394 /kg-NH 3 for 2030 the natural gas price will have to be higher than 3.16
$/MBTu and 4.49 $/MBTu for green hydrogen and ammonia to be cheaper. In (Birol 2019) the
gas price is assumed to vary between 3.5 and 10.7 $/MBTu in 2030, making it very likely for
green hydrogen and ammonia to be competitive.

Comparing this to the result of (Nayak-Luke and Bafiares-Alcantara 2020) were the me-
dian of 534 different locations is a LCOA of 0.457 $/kg-NH 3 and 36 locations fall beneath 0.35
$/kg-NH 3. Converted to euro's using the exchange rate on the day of the publication (1.1075
EUR-USD (Macrotrends LLC 2021)) this results in a median of 0.42 /kg-NH 3 and for the best
36 locations a LCOA of 0.32 /kg-NH 3. In the similar study of (Fasihi et al. 2021) in which bat-
tery storage, as well as hydrogen storage, is used, the resulting LCOA for 2030 is a bit lower;
345 - 420 /ton-NH 3. The LCOA obtained in this research lies well beneath the median of
(Nayak-Luke and Bafares-Alcantara 2020). However, the minimum LCOA of both studies is
much lower than the result in this study, even though the modelled system is more exible due
to the possibility of nitrogen and battery storage and should therefore produce a lower LCOA.
The earlier conclusion can explain that the salt cavern storage is not used to its maximum ca-
pacity. Thus the chosen location had to compromise a location with a higher solar irradiance
for an unnecessarily large salt cavern.
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Similar observations can be made when comparing the LCOH. In (Mallapragada et al. 2020)
the calculated LCOH lies between 2.3 $/kg-H , and 11.8 $kg-H», when pressure vessels are used
for hydrogen storage. In the same report, the LCOH is calculated using hydrogen storage in a
salt cavern instead of pressure vessels. This resulted in a LCOH of 1.9 $/kg-H 5 - 4.2%/kg-H »,
the values used for the CAPEX and OPEX of the salt cavern were; 3 $/kg and 1% (of CAPEX),
respectively. Again the exchange rate on the day of the publication is taken to convert the dol-
lars to euros (1.0996 EUR-USD (Macrotrends LLC 2021)). The obtained LCOH is 1.73 - 3.82
$/kg-H ». The salt cavern costs must be included in the LCOH to compare the LCOH values of
(Mallapragada et al. 2020) with the results produced in this report. In previous stated LCOH
this was notincluded, as was explained in chapter 2.1. Using a higher value for the CAPEX and
OPEX cost of the salt cavern (Tabel 2.2), the LCOH with hydrogen storage is 1.64 $/kg-H ,. This
is only a difference of 0.01 with the LCOH without hydrogen storage. This may seem hard to
believe, butin chapter 6.3 it was already explained that the salt mine only accounts for 0.42% of
the total LCOA. The difference in LCOH between this research and (Mallapragada et al. 2020)
is mainly attributed to the lower PV power and electrolyzer CAPEX used in this research. Time
will tell what the most accurate predictions of the CAPEX and OPEX costs were as these will
converge when more and more green hydrogen and ammonia projects are developed.

A more realistic model could have been developed if it were not for the following limita-
tions. First of all, the ef ciency of the different components was now assumed to be constant.
In reality, the components will start to perform less when they approach their maximum oper-
ational limit. For the electrolyzer stacks, this can be paraphrased in the equation provided in
(Morgan et al. 2014). Secondly, the simulation time of the model could be extended from nine
to twelve months for a more comprehensive result. The problem is that the run time increases
exponentially when the simulation time increases. Running the model on a high-performance
computing cluster for nine months already takes two days for the program to complete. Luck-
ily the impact on the levelized cost is minimal. Instead of using hourly data, it has been tried to
sum the data in six to twelve-hour resolutions; however, this did not give the desired results.

Comparing the LCOA obtained with a simulation time of 6 months with a simulation of 9
months only results in a 3% decrease, as buffers can be exploited more gradually. Thirdly, the
balance of system cost is now represented by 10% of the levelized costs. This quantity can be
better de ned by investigating the speci ¢ costs for the cables, charge controller, and smaller
components. Fourthly, the model uses ramping constraints of 20% for the electrolyzer and
Haber-Bosch plant while using a time step of one hour. This might over de ne the system as
ramping constraints are meant to restrict the rapid uctuation in load power, but this might
not apply on a longer time scale of one hour. Fifthly, the simulation outcome would be more
realistic if maintenance stops for all the components were included. In the current simulation,
all the components can run continuously. However, the components will sometimes need to be
shut down for maintenance or regular checks. This will increase the necessary buffers in the
system, resulting in a higher levelized cost.

During the determination of the location, it is assumed that the solar farm must be located
at a close distance to the Tamergat well (Lat: 31.41, Lon: -9.55). As can be seen in gure A.3
the selected salt cavern has a width of 5 km. However, this does not mean that the solar farm
must be directly located above this salt cavern. It can also be located more towards the west,
bringing it closer to the Sahara desert. Locating the solar farm further away from the sea cre-
ates a more stable solar irradiance pro le as fewer clouds are present throughout the year. The
losses of the electricity transmission using DC cables are relatively low. AC cables can also be
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used for transmission as they have a higher ef ciency over a distance shorter than 600 — 800 km
(Ryndzionek and Sienkiewicz 2020), but then the electricity from the PV panels will need to be
converted two times because the electrolyzer runs on DC as well. In summary, the restrictions
assumed in the determination process of the location for the PV farm can be loosened as electric
cables have low losses, thereby allowing the distance between the electrolyzer and the PV farm
to be increased.

9 Recommendations

To further minimize the levelized cost and improve the accuracy of the model. Future research
of green hydrogen and ammonia production should focus on; minimizing the optimization
variables [1], include maintenance stops [2], take into account degradation of the components
[3], variable ef ciencies due to variable load [4], connecting the ASU to the grid [5] and nding

a more suitable location with less salt cavern capacity, but more solar irradiance [6].

To elaborate on the rst point made in the previous paragraph, a model with fewer vari-
ables will calculate fewer scenarios and will therefore have a shorter running time. Enabling
it to simulate a longer period produces a more realistic outcome of the LCOH and LCOA. To
achieve this, the allocation of the energy carriers obtained in this research should be studied
to discover when the model decides to allocate the energy to different components. For exam-
ple, when does the PV farm distribute its electricity to the battery instead of the electrolyzer,
Haber-Bosch plant or ASU, and how much does it distribute. This is a complex problem as it
depends on the state of charge levels of the buffers and the incident solar irradiance. However,
if the system would be operational one day, the best possible way of allocating the energy at
any given time should be known to produce green hydrogen and ammonia effectively.

The second, third and fourth recommendations would create a more realistic model. Begin-
ning with the required maintenance stops once in a while for a more realistic simulation. To
prevent a full production stop, which would probably result in a penalty for not meeting the
production demands. The buffers can be increased to keep the rest of the components running.
However, this must be simulated in order to install suf cient capacity. The third point stresses
the importance of including the degradation of the components in the model. For the PV panels
this can be a considerable amount of 0.2%/yr (National Renewable Energy Laboratory 2019).
This would have a big impact on the outcome if the system were to run for 30 years. The last
recommendation to create a more realistic model is to vary the ef ciency according to the load.
Some components perform less when they approach their maximum capacity. Like the elec-
trolyzer explained in chapter 8.

In recommendation ve, it is suggested to connect the ASU to the electricity grid. This can
be done because, as shown in gure 6.2 the ASU consumes little electricity, and this amount
can also be extracted from the electricity grid. Interacting with the electricity network will
create a more exible system and reduce buffer capacities. The system already does not run
in a stand-alone mode, so this recommendation does not propose a signi cant disruption. The
last recommendation extends onto one of the main ndings of this research. That in order
to nd a better location for the proposed system, the salt cavern capacity can be 10% of the
capacity assumed in this rapport. This reduces the constraints on the geological properties of
the salt cavern and allows for a broader range of locations to be feasible locations. As a result,
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locations discarded during this research will become available again and might contain higher

irradiance levels. Therefore, future research should investigate the geological properties of salt
caverns in regions that receive higher irradiance levels and combine this with further research

into the transportation of either hydrogen or ammonia.
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