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Abstract

As a couple of guys (Eikeng and Rogneby, [2021)), who once quoted another guy (Bob Dylan,
1963)), wrote, The times they are a-changin’. And indeed they are. The world is currently
undergoing a major clean up, where decarbonization is on top of the agenda. In that
regard, large scale production of green ammonia for replacement of the conventional fossil-
fuel based ammonia has gained interest in recent times. Today’s ammonia is currently
responsible for around 1% of global CO4 emissions, where almost all of the ammonia is used
for fertilizer production. Replacing the fossil-fuel based ammonia with green ammonia,
synthesized from air, water, and renewable energy, could lead to substantial reduction
of emission. In addition to cleaning up the fertilizer industry, green ammonia also has
the potential for system power balancing over time (energy storage) and space (energy
transfer), thus may potentially become an important part of the global energy transition
from fossil fuels to renewables.

This study investigates the creation of a computational optimization framework, that en-
ables the generation of optimal green ammonia plants solutions for any given location.
The framework is based on off-grid wind and/or solar energy, along with battery energy
storage systems and hydrogen buffer tanks to ensure reliable production of green ammo-
nia, while being able to handle the intermittent renewable energy supply. To illustrate
the applicability of the framework, three different locations and scenarios has been eval-
uated; Tan-Tan, Morocco (solar-based scenario); Utsira, Norway (wind-based scenario);
and Patagonia, Argentina (hybrid scenario). For each location, the optimal plant configu-
ration has been found; that is the optimal sizing of each system component which ensures
a reliable green ammonia delivery at the lowest possible price.

The simulations revealed a levelized cost of ammonia (LCOA) at 595 USD/tNH3 for the
solar-based scenario, 599 USD/tNHjs for the wind-based scenario, and 501 USD/tNHs for
the hybrid scenario. These results are in the upper ranges of what conventional fossil-fuel
based ammonia is valued at, yet not far away from being considered competitive in terms

of cost.

The research presented in this study demonstrates the feasibility and potential of designing
optimal green ammonia plants powered by renewable energy sources. The computational
framework developed in this thesis provides a versatile tool for the design and assessment
of green ammonia plants, enabling the generation of optimal solutions for any given loca-
tion. The findings illustrates the great potential of green ammonia as part of large scale
decarbonization.
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Sammendrag

Verden er for tiden gjennom et grgnn skifte, og avkarbonisering star hgyt pa agendaen.
I den forbindelse har det oppstatt gkt interesse for produksjon av grgnn ammoniakk som
erstatning for konvensjonell ammoniakk basert pa fossile brensler. Dagens ammoniakkpro-
duksjon star for rundt 1% av verdens totale COs-utslipp, og nesten all ammoniakken
brukes til produksjon av kunstgjodsel. Ved & erstatte den fossilbasert ammoniakk med
grgnn ammoniakk, som produseres av luft, vann og fornybar energi, kan en betydelig re-
duksjon av utslipp oppnas. I tillegg til & avkarbonisere kunstgjgdselindustrien, har grgnn
ammoniakk ogsa potensial til a balansere kraftsystemet over tid (ved energilagring) og
rom (som energibaerer), og kan dermed potensielt bli en viktig del av overgangen fra fos-
sile brensler til fornybar energi.

Denne studien ser pa muligheten for & konstruere et beregningsbasert optimaliseringsram-
meverk, der malet er a finne optimale lgsninger for gronne ammoniakkfabrikker ved gitte
lokasjoner. Rammeverket er basert pa off-grid vindenergi og/eller solenergi, samt batter-
ilagringssystemer og hydrogentanker for & handtere de variable energikildene og dermed
sikre palitelig produksjon av grgnn ammoniakk. For & illustrere bruksomraddene og an-
vendeligheten til rammeverket, er tre forskjellige lokasjoner og scenarioer blitt evaluert:
Tan-Tan i Marokko (solbasert scenario), Utsira i Norge (vindbasert scenario) og Patagonia
i Argentina (hybrid scenario). For hver lokasjon er den optimale fabrikksammensetningen
funnet, det vil si optimal dimensjonering av hver enkelt systemkomponent, for & kunne
sikre palitelig produksjon og levering av grgnn ammoniakk til lavest mulig pris.

Simuleringene resulterte i en ammoniakkostnad (LCOA) pa 595 USD/tNHj for det sol-
baserte scenariet, 599 USD/tNHjs for det vindbaserte scenariet og 501 USD/tNHj for det
hybridbaserte scenariet. Sammenliknet med den konvensjonelle fossilbaserte amoniakken
ligger den grenne i det gvre spekteret hva gjelder kostnad, men er likevel ikke langt unna
a veere konkurransedyktig,.

Undersgkelsene presentert i denne studien viser at gjennomfgrbarheten og potensialet til
grgnne ammoniakkfabrikker, drevet av fornybar energi er tilstede allerede i dag. Det
utvikled rammeverket gir et allsidig verktgy for konstruksjon og vurdering av grgnne
ammoniakkfabrikker, og gjor det mulig & finne optimale fabrikklgsninger for enhver gitt
lokasjon.
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1 Introduction

The global shift towards decarbonization and the implementation of green, renewable
energy through all sectors is fully underway. Countries, brought together by the UN,
reaffirmed the Paris Agreement during the global climate summit of 2021 (COP26), with
the goal of limiting the increase in the global average temperature to well below 2°C above
pre-industrial levels 2021). By the end of 2022, global renewable generation
capacity reached 3,372 GW (IRENA| [2023a)), accounting for around 26% of the total
worldwide electricity generation of 27,000 TWh (with fossil fuels at 63.2% and nuclear
at 10.4%) (IRENA and AEA, [2022). The installed capacity of renewables is expected
to increase in line with the anticipated increased power generation as a result of global

electrification. Total renewable installed capacity is expected to grow threefold to 10,770
GW in 2030 and eight-fold to 27,800 GW in 2050, supplying 65% of total electricity
generation by 2030 and 90% by 2050 (International Renewable Energy Agency, IRENA|
. Solar PV and wind energy are expected to be the main contributors, exceeding
5,200 GW and 3,300 GW respectively by 2030, up from 1,053 GW and 899 GW today
(IRENA| |2023D))).

With an increasing share of renewables, the intermittent nature of these energy sources
presents a significant challenge in terms of energy storage and distribution (MacFarlane!
et al) [2020). Storage will be needed to aid in the inevitable power supply and demand
mismatch throughout the year due to variable weather conditions. Additionally, the abil-
ity to transport the energy from areas of the world where wind and solar resources are
abundant to the market will be key in enabling the green transition. By using hydrogen
and its derivatives (ammonia, methanol etc.) as renewable energy carriers, energy can

be store and transported at will (Egerer et al., [2023; Bastien Bonnet-Cantalloube et al.|
2023)). This enables both direct use of electricity for power, and also indirect use in hard-
to-abate sectors such as fertilisers, steel manufacturing, aviation, marine, and heavy-duty

road transport, that are typically dominated by coal, oil, and gas (Wang et al., 2023).

700

600

500

400

300

200

100

2020 2025 2030 2035 2040 2045 2050
® Fossil no CCS @ Fossil with CCS @ Renewable

Figure 1.1: Estimated future production of green ammonia [RENA and AEAl (]2022[).

Of the potential energy carriers available, ammonia is considered to be one of the most

promising (The royal society, 2021)). Compared to other energy carriers such as liquid hy-

drogen, ammonia has a higher volumetric density (1.5 times higher than liquid hydrogen),



and is easier to liquefy and transport (Wang et al., 2023). Ammonia (NHs), synthesized
from hydrogen and nitrogen using the Haber-Bosch process, liquefies at -33°C, whereas
liquid hydrogen requires a temperature of -253°C, making it more challenging to produce
and store over longer periods of time or distance (U.S. Department of Energy, 20006).
Additionally, ammonia as a product is already produced at an industrial scale, with an
annual global production of around 175 million tonnes as shown in figure [L.1

However, almost all of the produced ammonia comes from fossil fuel based hydrogen,
generating around 0.5 Gt of COs emissions each year, which accounts for 1% of global
greenhouse gas emissions. The replacement of fossil fuel-based hydrogen feedstock with
green hydrogen, produced via water electrolysis powered by renewable energy, provides
an opportunity to produce emission-free green ammonia. It does, however, not come
without challenges. Historically, ammonia production relied on a continuous supply of
fossil-fuel-based hydrogen and power, implying that traditional ammonia synthesis units
aren’t designed to handle fluctuating energy supplies typical of renewable energy sources.
This problem could potentially be addressed by incorporating hydrogen buffer tanks and
battery banks to maintain a continuous mass and energy supply. By 2050, the total
ammonia production is projected to increase to around 688 Mt (four times that of today),
with green ammonia expected to be the primary source, contributing to around 80% of
total production (IRENA and AEA| |2022} International Energy Agency, [2021; The royal
societyl, 2021]).

Most of the ammonia produced today is used in the production of fertilizers (around 80%)
(Nosherwani and Netoj, 2021)), with a small amount going into explosives, other chemicals
and materials. By substituting the traditional fossil-fuel based ammonia with green am-
monia, a decarbonization of the fertilizer industry is possible. In addition to the fertilizer
industry and the role as an energy/hydrogen carrier, green ammonia is also expected to
play an important part as a maritime fuel for international shipping. Ammonia-fuelled
vessels are currently being developed and are expected to be available by 2024 (IRENA
and AEA| 2022)). Another promising area of use is power generation for grid balancing by
replacing natural gas in gas turbines, or coal in coal-fired power plants, either partially
or (eventually) fully (International Energy Agency, |2021). To summarize, the production
of green ammonia has three major roles to play in energy transition; cleaning up the
fertilizer industry, system power balancing over time (energy storage) and space (energy
transfer) (Ikaheimo et al., [2018) - making the production of green ammonia particularly
interesting in the years to come. Understanding how to efficiently and economically deploy
green ammonia plants at a global scale is crucial if green ammonia is to become a feasible
solution.



1.1 Literature review

There are plenty of techno-economical studies done on the optimization of green hydro-
gen production, but limited resources available on the optimization of the green ammonia
plant. However, as ammonia is a product of hydrogen, the approach of optimizing green hy-
drogen production is closely related to that of green ammonia. (Tebibel| (2021, 2022) devel-
oped a methodology for optimizing a off-grid wind/battery system for production of green
hydrogen at various locations. |Al-Buraiki and Al-Sharafi (2022)) used a similar approach
for green hydrogen production from an off-grid hybrid solar/wind /battery/hydrogen stor-
age system. These papers explored ways of modelling the strategy for controlling power
and hydrogen flows, by creating algorithms for controlling flows between each system com-
ponent, thus being able to control how the variable energy input from the renewables will
determine how and when hydrogen is being produced, as well as how the battery bank
charges and discharges for optimal operation.

As far as the green ammonia plant modelling goes, Morgan et al| (2014) was one of the
first who brought production of green ammonia to the masses in his dissertation on an
offshore wind based green ammonia plant. |Osman et al.| (2020) and |Gallardo et al.| (2021)
performed techno-economic optimizations in areas with high insolation, and solely based
the ammonia production on solar PV generated energy, supported by either battery banks
or hydrogen tanks, or both, to provide a more continuous operation. Reversely, Morgan
et al. (2014) and [Banares et al. (2015) performed case studies and analyzed production
of green ammonia entirely supplied by wind energy, with support from hydrogen storage
tanks. By combining the two energy sources, Arnaiz del Pozo and Cloete| (2022), Fasihi
et al.| (2021)), and Salmon and Banares-Alcantaral (2022)) explored a hybrid scenario using
both solar and wind in combination with a battery bank and hydrogen storage. [Fasihi
et al| (2021), |Wang et al. (2023), Nayak-Luke et al.| (2018), and |Armijo and Philibert
(2020) took the hybrid scenario one step further, and explored fully flexible production of
green ammonia by allowing the ammonia synthesis unit to operate over a range of energy
inputs at operational windows ranging between 20-100%, thus being better suited for the
variable renewables. The resulting LCOA from the aforementioned studies can be found
in Appendix [A]

While the studies thus far provide important knowledge into the modeling and optimiza-
tion of green ammonia production, there are still room for additional input. This thesis
aims to create a more general computational framework, that is able to encapsulate a
wider array of possible scenarios. By creating a model with adjustable input parameters,
one can optimize the green ammonia with a wider operational range. Whether that would
be a purely wind-based system without any form of battery or hydrogen storage, or a
hybrid system with both hydrogen and battery storage, or purely solar-based system with
only battery storage available. Doing this provides flexibility in terms of choosing the
right configuration at the right place, and allows for a wider arrange of possible solutions.



1.2 Research question and objectives

This thesis seeks to answer the following research questions; RQ1: How can we construct
and utilize a computational framework to optimize the production of a greem ammonia
plant based on off-grid wind and/or solar energy at different geographical locations? and
RQ2: Is the production of green ammonia techno-economically feasible?

To address this question, the following objectives have been set:

1. Perform research on current state of the art green ammonia production to get a com-
plete overview of the production processes, technological capabilities and challenges.

2. Develop a computational model that simulates and optimizes the production of green
ammonia from off-grid renewable sources. The model will focus on solar, wind and
a hybrid combination of both.

3. Evaluate the model at various locations with different restrictions to see how the
model reacts. Perform simulations using only solar PV, only wind, and a hybrid
scenario at suitable locations.

4. Identify the optimal parameters and operational conditions that enable the most
efficient conversion of renewable energy into green ammonia, while minimizing the
related costs. The model will determine the sizing of each system component, making
sure the system is able to perform in a reliable way and at the minimum cost.

5. Evaluate the techno-economical feasibility of the green ammonia plant based on
output from the simulation. This will involve a comprehensive analysis of the capital
and operational expenditures and and overall system performance.

By delving into these objectives, the study aims to contribute a general framework appli-
cable for any green ammonia plant at any location, thereby aiding in the understanding
of the green ammonia plant and its increasingly important role in the energy transition.

1.3 Thesis outline

Chapter 2 conducts a literature review, where previous similar work on the optimization
of green ammonia plant is being evaluated. In chapter 3, all relevant background theory is
presented. This builds the required theoretical foundation and supports the methodology
of chapter 4. Here, the development of the computational framework for modelling and
optimizing the green ammonia plant is being discussed. Chapter 5 presents the cases
that is being studied in the thesis, which is the various geographical locations set for
modelling. Chapter 6 presents and explains the outcomes from the case study, with system
sizing, energy distribution, system economics, and performance metrics. It also offers a
comparison between the different locations and scenarios that has been simulated. Chapter
7 offers a discussion of the results, interpreting them in the context of the research question
and objectives, before a summary and conclusion is presented in chapter 8.



2 Background theory

This chapter will introduce some background information needed in order to fully grasp the
concepts and provide reasoning behind some of the choices that has been made throughout
the paper. Wind energy, solar energy, batteries, energy carriers, production of hydrogen,
and production of green ammonia will all be discussed. The background theory sections
regarding water electrolysis and electrolyzer technologies are based on the work done by
(Erik Eikeng) 2022), in the specialization project leading up to this thesis.

2.1 Renewable energy sources

Theory behind energy extraction from wind and solar will be presented in the following
sub-chapter.

2.1.1 Wind energy

Wind energy, which can be defined as the mechanical extraction of kinetic energy from
wind, is an important part of renewable energy infrastructure. Wind is essentially move-
ment of air caused by pressure differences in the earths atmosphere, as a result of irregular
heating of the surface (Chiras|, 2010). By implementing wind turbines, these wind resources
can be harnessed for energy production. The most commonly design of wind turbine, is
the horizontal axis wind turbine (HAWT), where the axis of rotation is parallel to the
ground (J.F Manwell et al., |2009). The main components of an HAWT include the rotor
system (blades and hub), drive train (main shaft and gearbox), and an electric genera-
tor, as illustrated in Figure When wind interacts with the aerodynamically designed
turbine blades, it generates a lift force which causes the rotor to rotate. This rotation
induces mechanical energy, which is transferred through the main shaft and gearbox to
the generator, before being converted into electrical energy (Burton et al. 2011).
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Figure 2.1: Wind turbine components (J.F Manwell et al., [2009).

The amount of energy generated by the wind turbine is governed by equation [2.1] where
p is the air density, C), is the power coefficient, A is the rotor swept area, and U is the
free stream velocity (Burton et al., 2011)). The power coefficient describes the fraction of
the power in the wind that may be converted by the turbine into mechanical work. It is
by definition limited by Betz law to 59.3%, which is the maximum theoretical amount of
energy the wind turbine is able to extract from the available wind energy passing through
the swept area of the rotor blades (Jain, |2010). Most commercially available wind turbines
today, reach an operational efficiency of about 50% (Jain), 2010).

1
P= 5cppAU3 (2.1)

From the equation, it becomes evident that the larger the rotor diameter, the larger the
power output. Also, higher wind-speeds will lead to higher power outputs. As a result of
this, the commercially available wind turbines has rapidly increased in size over the last
decades. Where the largest rotor diameter was 50m with a capacity of 600kW in 1995
(Burton et al.l 2011, there are today commercially available wind turbines spanning up
to 260m in diameter with a capacity of 18 MW (Blain, 2023).

To correctly model the power output of the turbine, the wind power curve, illustrated by
Figure is used. The power curve expresses the relationship between the wind speed
and the power output by the wind turbine, and each turbine model has its own specific
power curve that is provided by the manufacturers.
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Figure 2.2: Basic wind power curve(Yang et al., [2018)).

The curve features three crucial wind speeds: the cut-in wind speed, the rated wind speed,
and the cut-out wind speed, where each is defined as follows (Burton et al., [2011)):

e Cut-in Wind Speed: This is the minimum wind speed at which the turbine begins
to generate power. Below this speed, the turbine remains in a standby mode.

e Rated Wind Speed: At this wind speed, the turbine produces its maximum, or
rated, power output.

e Cut-out Wind Speed: This is the maximum wind speed that the turbine can
withstand. When wind speeds exceed this limit, the turbine will shut down to avoid

potential damage.

By using the power curve, one can obtain the power output of a wind turbine at any given
wind speed, thus being able to accurately model the wind turbine power output.

2.1.2 Solar energy

Solar energy comes in the form of electromagnetic radiation emitted by the sun (Wolfe,
2018). The average intensity of the solar energy, or solar irradiance, reaching the top
of earths atmosphere is around 1350 W/m? (NASA earth observatory, 2009). As the
sunlight travels through the atmosphere, only 1/4 of this initial irradiance reaches the
surface of the earth. This incoming irradiance is the sum of direct radiation and diffuse
radiation. Where the direct radiation is the is the solar radiation that reaches the earths
surface straight from the sun, and the diffuse radiation is sunlight that has been reflected
or scattered by molecules and particles in the earths atmosphere (PVGIS, 2021)).

Through the use of photovoltaic cells (PV), the solar energy received can be converted
into electrical energy. The conversion is performed in a solar cell, which are typically made
up of semiconductor materials (Silicon (Si) is most commonly used) (Hegedus and Luque,
2011). The process is schematically illustrated in Figure The semiconductors has
electrons forming covalent bonds between each atom in the crystalline structure. These
electrons are stuck in their bonds until enough energy (in the form of sunlight) excites



the electron to a high-energy, free state. The amount of energy required to release the
electron from the bound state to the free state is called the band gap energy. A hole is
created where the electron was bound.
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Figure 2.3: Schematics of a conventional solar cell (]Hegedus and Luque|, |201 1[).

In order to vary the amount of free electrons and holes in a semiconductor, and to con-
trol/change the conductivity of the material, the concept of doping is introduced. This
involves the addition of impurities, and creates two types of semiconductors: an n-type
semiconductor and a p-type semiconductor. N-type semiconductors are created by doping
the silicon with a substance that has more electrons in its outer shell, creating an overall
negative charge. Conversely, p-type semiconductors are created by doping the silicon with
a material that has fewer electrons in its outer shell, resulting in fewer free electrons, or

wholes, creating a positive charge (Mcevoy et al., 2012; Hegedus and Luque, 2011). By

bringing the n-type and p-type semiconductors together, a p-n junction is created. At this
junction, free electrons from the n-type semiconductor fill the holes in the p-type semicon-

ductor, creating a depletion region where an electric field is formed (Mcevoy et al., 2012}

PVGIS, 021)).

When sunlight in the form of photons hits the solar cell, energy can be absorbed by the

electrons in the covalent bonds. If the incoming energy is equal to, or greater than the
band gap, the electron is excited to a free, high energy state, while an empty hole is left
behind - effectively creating an electron-hole pair . The electric field at the
p-n junction separates these pairs, preventing them from recombining. The electrons are
then collected at the n-type layer, and the holes at the p-type layer, resulting in a flow of
electric current (Hegedus and Luque, [2011; [PVGIS, 2021]).

Currently, commercially available solar PV cells have an efficiency of about 20%. This
means that only 20% of the incoming radiation is converted into electricity, with the
remainder being converted into thermal energy that raises the temperature of the solar cell

(Skoplaki and Palyvos| [2009). While this conversion rate may appear low, it is important
to note that the theoretical maximum efficiency of a solar cell is around 40.7% (Hegedus
and Luque, [2011)).




2.2 Energy conversion and storage

In order to fully utilize and implement large scale intermittent renewables, it is crucial
to have a way of storing and transporting the energy. This makes it possible to manage
energy systems by controlling and suppressing the fluctuating renewable energy supply,
and by transporting energy from point of generation to point of utilization without having
to be grid-connected. Batteries and energy carriers are two prominent solutions, and will
be evaluated in the following sections.

2.2.1 Battery storage: lithium-ion batteries

The most commonly used commercialized battery today is the Lithium-ion Battery (LiB).
Compared to other battery technologies such as lead-acid, nickel-iron and nickel-metal
hydride, the Li-ion battery has the largest potential for industrial use as it has the highest
specific and volumetric energy density. Additionally, the Li-ion batteries have fast ion
mobility, high charge/discharge efficiencies (around 95%) as well as well as the possibility
of diverse electrode designs. (Wu et al., [2020)

Figure shows the basic principles and design of a rechargeable Li-ion battery. T'wo elec-
trodes, one positively charged (cathode) and one negatively charged (anode) is immersed
in an ion-conducting electrolyte and separated by a porous separator. The anode is typ-
ically graphite made from carbon (C), whereas the cathode is typically a metal oxide,
such as Lithium Cobalt Oxide (LiCoO2), Lithium Iron Phosphate (LiFePO4), Lithium
Nickel Manganese Cobalt Oxide (LiNiMnCoO2 or NMC), or Lithium Manganese Oxide
(LiMn204 or LMO). These materials, known as the active material of the electrodes, play
a key role in the deposition and storage of migrating Li-ions during the charging and
discharging of the battery cell. The active material is coated onto current collectors to
close the circuit and allow for current to flow. (Wu et al., 2020} [Burheim), [2017; Bryntesen|

2021)
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Figure 2.4: Schematics of the charging and discharging state of a lithium-ion battery
inspired by |Burheim| (2017).




During charging, Li-ions are removed from the cathode structure, and transported through
the separator to the anode where they reduce to form lithiated graphite (LiCg) (Reiner
Korthauer, 2018). In order not to collapse the atomic structure of the cathode, only
around half the Li-ions can be removed (Burheim| [2017). During discharge, the process
is reversed, as Li-ions migrate from the anode to the cathode, towards the emptied out
metal-oxide framework. As the ions oxidise, electrons are released to the external circuit
and power is generated (Reiner Korthauer, [2018]).

2.2.2 Energy carriers

Another way of storing the intermittent renewable energy is through energy carriers, which
is chemical conversion of energy into fuels. The conversion of energy to hydrogen through
water electrolysis is considered an especially promising alternative, and the worldwide de-
mand for hydrogen is rapidly increasing (Chatterjee et all [2021). However, storage and
transportation of hydrogen is difficult. Being the lightest element on earth, the volumetric
and specific energy densities are low compared to other conventional fuels such as diesel,
gasoline, and LNG, as shown from the Ragone plot in Figure As a result, the hydro-
gen must be compressed (up to 700 bar) or liquefied (boiling point at -253 °C) in order
to reach acceptable levels of volumetric energy density. These extreme pressure and tem-
peratures means storing, transporting and production of hydrogen is tricky. Liquefaction
can consume up to 40% of the chemical energy stored in hydrogen. (U.S. Department of
Energy, 2006; Burheim), 2017)
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Figure 2.5: Ragone plot showing specific energy and volumetric energy for a various energy
storage components (Burheim, [2017).

As an alternative, ammonia has been recognized for its potential as an energy carrier,
or more specifically, a hydrogen carrier. Ammonia is already well established with world-
wide trading routes, and has great potential as a hydrogen carrier (Chatterjee et al., 2021]).
Compared to liquid hydrogen, ammonia is liquefied at only -33°C or even at room tem-
perature at an elevated pressure of around 10 bar (Osman et all 2020). Furthermore,
ammonia carries a substantial hydrogen content of 17.65 wt.% and has a volumetric en-
ergy content 50% greater than that of liquid hydrogen (Jain et al., 2022). Given these
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compelling characteristics, ammonia is increasingly recognized as a viable and promising
energy carrier for future transportation and storage of energy (Jain et al., 2022; |Osman
et al., 2020; Morgan et al., [2017)).

2.3 Ammonia production overview

Ammonia has the chemical formula NHjs, and consists of 82.4% nitrogen and 17.6% hy-
drogen by weight (Morgan et al., 2017). To produce ammonia, nitrogen and hydrogen
must be reacted together at correct stoichiometric values, as shown by the chemical reac-
tion equation The reaction is non-spontaneous at standard conditions, and requires
elevated temperature and pressure to occur. Additionally, the reaction is exothermic, il-
lustrated by the negative enthalpy, and releases about 2.7 GJ or 0.75 MWh per metric
tonne of ammonia produced, which is around 8% of the total energy required for ammonia
synthesis. (Morgan et al 2017; TRENA and AEA| 2022; |Chatterjee et al., [2021)

Nj + 3H, — 2NHj, AHC® = —92.44kJ /mol (2.2)

Different approaches exist for producing ammonia, yet the fundamental process remains
consistent. This involves production of nitrogen and hydrogen gas, combining and com-
pressing these gases into syngas, and converting the syngas into ammonia under certain
conditions (typically temperatures of 400-500°C and pressure between 100-400 bar) using
a catalyst, often iron-based (Eric R. Morgan), [2013)). This process of converting syngas into
ammonia, also known as ammonia synthesis, is commonly carried out using the Haber-
Bosch synthesis loop, a technology established in the early 1900s. Following synthesis,
ammonia is typically condensed and stored as a liquid. (Chatterjee et al., 2021])

Although the aforementioned principles remains the same, there are several possible routes
available for producing ammonia, as illustrated in Figure The production routes are
color coded for simplicity, and the colors are determine by how the hydrogen is produced in
the ammonia production supply chain, as well as by the energy supplied to the ammonia
synthesis loop itself. Almost all of todays around 150 Mt annual ammonia production
comes from fossil-fuel based production (Chatterjee et al., 2021; IRENA and AEA| 2022).
Here, the hydrogen is produced from natural gas by steam methane reforming, from coal
by coal gasification, or from heavy fuel oil by partial oxidation (IRENA and AEA| 2022).
Around 72% of the global ammonia plants uses natural gas as its hydrogen sources today
(grey), while around 22% uses coal (black), releasing around 1.8 tonnes and 4 tonnes of
COg per tonne ammonia in, respectively (Egerer et al. [2023). By adding a carbon capture
storage (blue), emissions can be by reduced 60-85% during steam methane reforming (i.e.,
production of hydrogen form natural gas). This has the potential to reduce the emissions
to around 0.2-0.8 tonnes COy per tonne ammonia, including upstream emissions from
extraction of natural gas (Egerer et al.| 2023; IRENA and AEA| 2022).
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as its utilization, inspired by Egerer et al.| (2023).

The alternative approach for production of ammonia, which forms the basis of the thesis,
is the production of green ammonia. Green ammonia is produced in a sustainable manner,
by utilizing renewable sources such as solar, wind or hydro power for the production of
hydrogen via electrolysis (The royal society, 2021)). This approach has the potential to
reduce emissions by 98% compared to ammonia produced from natural gas. The green

pathway typically emits below 0.1 tonne COs per tonne ammonia, including upstream
and downstream emissions (Kleijne et al., [2022; [RENA and AEA| 2022)). Today’s green
ammonia production only constitutes around 0.5% of the global ammonia supply
. The following subsection will go into detail of all aspects involved in the

production of green ammonia.
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2.4 Production of green ammonia

To produce green, renewable ammonia, water (H20) is split into hydrogen (Hs) and oxygen
(O2) through water electrolysis, while nitrogen (N2) is purified from air. The hydrogen and
nitrogen gases are combined (syngas) and compressed, before being converted to ammonia
(NHj3) through the Haber-Bosch ammonia synthesis loop, as shown in Figure
and AEA| 2022; IRENA| [2021a)).

.
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Figure 2.7: Illustration of the green ammonia production sequence (IIRENA and AEAL

2023).

There are several ways of producing hydrogen through various electrolyzer technologies.
Similarly, there are a few relevant approaches for production/extraction of nitrogen. These
methods and technologies, in addition to the ammonia synthesis process itself, will be
explained and discussed in the following sections.

2.4.1 Water electrolysis

First comes first, the basic theory of splitting water into hydrogen. There are a wide array
of technologies and methods for performing water electrolysis, but despite the technologi-

cal, physical and electrochemical differences (Taibi et al., |2020), the electrolysis itself is the

same; water being split into hydrogen and oxygen by inducing electric current, as shown

from equation (Burheim, 2017)).

1
Overall: HyO + electric work — Hg + 502 (2.3)

The very basic electrochemical cell in which the water splitting reaction occurs is made up
of two electrodes - a positively charged anode and a negatively charged cathode, separated
by an electrolyte with an external power source. When power is applied, two intertwined
reactions are taking place at each electrode, known as redox-reactions. ,
These redox-reactions are individually expressed by dividing the overall reaction into two

13



half cell reactions; the hydrogen evolution reaction (HER) and the oxygen evolution re-
action (OER) (Wang et al., 2021). At the cathode, Hs is produced by reduction of water
in the HER, and at the anode, Os is produced by oxidation of water in the OER. The
electrodes are separated by a diaphragm or a separator, and placed in contact with, or

immersed in an electrolyte. The purpose of the electrolyte is to increase the conductiv-
ity in the solution - which leads to improved ion mobility. The separation between the
electrodes is important in order to avoid recombination of the Hy and O2 gases that are
produced at the electrodes, as well as making sure the electrochemical cell is not short

circuited (Ursua et all 2012)). The separator must be permeable to ion transfer in order

to allow ions to travel between the electrodes, and at the same time be impermeable the
product gases as well as to electron transfer.

2.4.2 Electrolyzer technologies

In the following subsections, relevant electrolyzers technologies will be reviewed. First and
foremost the commercially available alkaline electrolyzers and PEM electrolyzers, but also
the solid oxide electrolyzers, which is on the brink of commercialization. Additionally,
other promising technologies will be mentioned.

2.4.3 Alkaline water electrolysis

The alkaline water electrolyzer (AWE) has been in wide use ever since the beginning of the
20th century, and is considered to be a mature and well established technology
. The basic alkaline water electrolyzer, shown in Figure represents the simplest
form of an electrochemical system, consisting of two metallic (non-noble material) elec-

trodes, typically based on nickel, iron or cobalt (Gambou et al., 2022)), which are separated

by a porous diaphragm (often zirfon or polyephenylane sulfide (ZrOz) (Guo et all [2019)),

and immersed in an alkali electrolyte (Chatenet et al. [2022). The electrolyte is normally

a high-concentrate aqueous solution of 25-30 wt.% potassium hydroxide (KOH), which

purpose is to improve the ionic conductivity in the cell (Chi and Yu, 2018)). The electro-

chemical cell is enclosed by bipolar end plates. The typical operating temperature of an
alkaline electrolyzer is 70-100°C (Chi and Yu, 2018]).

H,
Separator

OH-~

\
Anode Cathode

Figure 2.8: Alkaline Water Electrolysis based on illustration from |Eikeng and Rogneby|

021),
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The half cell reactions occurring at the electrodes are given by equation and
representing the cathodic and anodic reactions, respectively. Water molecules (H2O) are
reduced by electrons (e™) to form hydrogen and negatively charged hydroxide ions (OH™)
at the cathode (Rashid et al., 2015). The ions are the charge carriers in the AWE, and
they migrate through the electrolyte and diaphragm over to the anode side, where they
are oxidized to form oxygen and water (Brauns and Turek, 2020)).

Cathode: 2H20(l) 4+ 2¢~ — Ha(g) + 20H ™ (aq) (2.4)

1
Anode: 20H™ (aq) — H20(1) + 502(9) + 2e” (2.5)

A key advantages in the alkaline electrolysis cell is the cheap and non-noble materials
that makes up the electrode. Additionally, the technology is mature and readily available
and durable (Schmidt et al., 2017)). There are, however, some drawbacks to the AWE.
There are limited current density, j [A/m?] (current per electrode cross-sectional area),
meaning more electrode material is needed to reach the desired current level, resulting in
a less compact system. This is due to the high ohmic losses across the electrolyte and
diaphragm (Carmo et al., 2013). Additionally, the AWE operates at a low pressure with
slower loading response (ramp up and ramp down rate) and a relatively limited dynamic
range of operation (Chi and Yul 2018]).

2.4.4 Proton exchange membrane water electrolysis

The proton exchange membrane water electrolyzer, PEMWE, represents the second im-
portant electrolyzer technology in todays market. A schematic review of the PEMWE’s
working principles is found in Figure The defining part of the PEM water electrolyzer
is the polymer electrolyte membrane (PEM), which is a thin membrane with a thickness
of around 0.05mm. The highly acidic (pH ~ 2) membrane is mechanically strong, and is
typically a Nafion-membrane (Burheim) [2017; |(Carmo et al., 2013). The membrane func-
tions both as an electrolyte, as well as a separator of electrodes and product gases (Naimi
and Antar},|[2018). Only deionized water is fed into the cell, meaning no need for any aque-
ous electrolytic solutions, unlike that of the AWE. The electrodes are thin porous layers
that are attached to both sides of the membrane, effectively forming the membrane elec-
trode assembly, MEA (Burheim| [2017). Catalysts are typically deposited directly onto the
membrane surface, with porous transport layers, PTL’s (also known as current collectors),
pressed against them - combining to form the electrode (Grigoriev et al., 2020). Because
of the strong acidic and corrosive environment in the cell, using noble metal catalysts like
iridium (Ir) and ruthenium (Ru) at the anode, and platinum (Pt) or Palladium (Pd) at
the cathode, is a requirement in order to avoid material degradation (Chi and Yul [2018;
Bessarabov et al., [2016).
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Figure 2.9: PEM water electrolysis, based on illustrations from |Grigoriev et al.| (]2020[).

The PTL’s are electrically connected to the bipolar plates, which are end plates that en-
closes the cell, and also provide electrical contact with the external power source (Bessarabo
. This enables current to flow between the bipolar plates and the electrodes
(Lehner et al., 2014). Additionally, the PTL’s and bipolar plates transports liquid water
into the anode compartment, and oxygen and hydrogen gas out of the electrolysis cell

(Rashid et al., 2015). The bipolar plates allows for several cells to be connected into a

stack - thus making it possible to reach the desired production output by increasing the
number of cells (Taibi et al., [2020).

As the MEA is immersed in pure water, and a sufficient cell voltage is applied, the OER at
the anode, and HER at the cathode is initiated, given by equations[2.7]and[2.6] respectively.
At the anode, water is oxidized, and electrons passes through an external circuit as oxygen
gas evolves. Protons (H"), the ionic charge carrier in PEMWE, migrates through the
membrane towards the cathode, where they reduce to form hydrogen gas. (Bessarabov]

2016)

Cathode: 2H " (aq) + 2~ — Ha(g) (2.6)

Anode: HyO(l) — %Og(g) +2H " (aq) + 2e~ (2.7)

Some of the advantages of a PEM water electrolyzer is its compact design, the ability to
reach high current densities (meaning high power, and subsequently a high Ho production),
high energy efficiency and a flexible operation, as a result of a dynamic load range and

the ability to ramp up and down the load at a fast rate (Grigoriev et al.| [2020; (Chatenet|
et al., 2022} Kumar and Himabindu, [2019)). The major drawback is the need for costly and
scarce noble materials, also known as platinum group metals (PGM), in the electrodes, as
well as the high capital cost (Ironside, 2022; Kumar and Himabindu, 2019).
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2.4.5 Solid oxide electrolysis cell

The solid oxide electrolysis cell (SOEC) is a high temperature electrolyzer. In comparison
with AWE and PEMWE, which operates in the temperature ranges of 50-100 °C, the
SOEC typically operates in the temperature ranges of 700-1000 °C (Carmo et al., 2013).
This mid- to high operational temperature yields improved thermodynamic properties

such as low operational voltages of around 1.2-1.3 V, and high electrode kinetics (no
need for PGM catalysts), which leads to low overpotentials (Carmo et al., [2013} [Lehner|
. At elevated temperatures, water vaporizes, and gaseous H-O is fed into
the cell, rather than liquid HsO, as was the case for the AWE and PEM electrolyzers.
This significantly reduces the electrical energy demand for the electrolysis processes, since

the energy needed for vaporization is provided thermally within the system, rather than
electrically (Grigoriev et al., 2020} Lehner et al., 2014)).

Where the PEM electrolyzer is based around the MEA, the SOEC is defined by the
PEN; the positive electrode-electrolyte-negative electrode assembly (Shi et al., [2017). An

oxygen-ion-conducting solid ceramic membrane is used as an electrolyte and separator
between the anodic and cathodic compartment. Two thin, porous electrodes are placed on
each side of the membrane, and enclosed by cell separators - also known as interconnects.
The separators are equipped with flow fields to make sure the water vapor is supplied
to the cathode, as well as to control the collection and transportation of product gases
(Grigoriev et al., 2020)).
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Figure 2.10: Solid Oxide Water Electrolysis inspired by |(Chatenet et a1.| (]2022[).

The basic operating principles of a SOEC is shown by the two half-cell reactions [2.8] and
[2.9 Water vapor is fed into the cathode where it is reduced by an external power source
to produce hydrogen and oxide (O%7). The oxide ions travels through the solid electrolyte
to the anode, where they recombine to form oxygen and release electrons - thus enclosing
the circuit. (Ursua et al., 2012)

Cathode: HoO(g) +2e~ — Ha(g) + O*~ (2.8)
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Anode: O*~ — %Og(g) +2e” (2.9)

The SOEC’s main advantage is the low operational cell voltages of around 1.2 V, which
leads to high operational efficiencies and low electric consumption for production of hy-
drogen. Because the SOEC’s is a high temperature electrolyzer, it needs to be paired with
waste excess heat from other forms of production, such as heat from solar concentrators,
geothermal energy (Sigurvinsson et al., 2007) or waste heat from power stations/nuclear
reactors in order to be considered a feasible solution (Ebbesen et al., 2014). Additionally,
recovered heat released during ammonia synthesis may be a promising alternative. How-
ever, operation under such elevated temperatures cause problems for the cell components,
as they degrade at a fast rate. In theory, the current densities could be at the level of
the PEM electrolyzer (1-3 A/cm?), but are typically kept at lower levels of 0.3-1 A/cm?
to prevent further material degradation (Ebbesen et al., [2014). The SOEC has shown
the ability to operate dynamically, meaning it can be coupled to intermittent renewable
energy sources. A dynamic operation means that the electrolysis cell must tolerate to be
cycled in temperature, causing additional material strain (Burheim, 2017)). (Lehner et al.,
2014])

2.4.6 Electrolyzer comparison

Table compares the state-of-the art operating parameters for each of the three main
electrolyzers; alkaline, PEM and SOEC.

Table 2.1: Comparison of AWE, PEM, and SOEC technologies

Technology AWE PEM SOEC
Status Mature Commercial Demo plants
Operating temperature (°C) 70-100 50-80 700-1,000
Pressure range (bar) <30 <70 1
Current density (A/cm?) 0.2-0.8 1-3 0.3-1
Cell voltage (V) 1.4-3 1.4-2.5 1.0-1.5
Load range (%) 15-100 5-120 30-125
Cold start to nominal (min) <50 <20 <600
System efficiency (LHV) 50-68 50-68 75-85
Electrical efficiency (kWh/kgHs) — 47-66 47-66 35-50
Lifetime stack (hours) 80,000 80,000 <20,000

2.4.7 Other promising technologies

In addition the alkaline, PEM and SOEC electrolyzers, two other technologies are show-
ing potential. The first one is the anion-exchange membrane electrolyzer (AEMWE). This
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technology combines the benefits of PEM and alkaline electrolyzer technologies, achieving
low-cost and efficient hydrogen production from intermittent, renewable energy sources
(Vincent and Bessarabovj, 2018)). It uses a solid anion exchange membrane for conducting
hydroxide ions in an alkaline environment. Some key advantages include the ability to use
non-noble transition metal catalysts, a less corrosive environment, a less expensive mem-
brane, and a reduction in size and weight. However, several challenges, like optimizing
non-PGM catalysts, decreasing ionic resistance of AEM membrane, and improving the
electrolyzer durability, needs to be addressed for it to become a viable option (Henkens-
meier et al., [2020; |Chatenet et al., 2022).

The proton conducting ceramic electrolyzer (PCCEL), is another emerging high tempera-
ture water electrolyzer technology based around a solid ceramic electrolyte (similar to the
SOEC), but with a lower operational temperature range of 300-700 °C (Duan et al., 2020)).
Water vapor is fed into the air electrode, where an externally applied voltage drives the
reactions leading to the production of pure, dry hydrogen. PCCEL’s benefits include pure
H, production, higher ionic conductivity for H* transportation leading to higher thermo-
dynamic efficiency at lower temperatures, and less material degradation due to mid-range
operational temperatures. However, improvements in efficiencies, electrode kinetics, and
stability are required for this technology to become viable (Le et al., [2022} 2021} Duan
et al., 2019).

2.4.8 Air separation

In addition to hydrogen produced from electrolysis, the green ammonia production is also
in need of nitrogen, which is obtained through separation of air. The earths atmosphere
contains about 78% nitrogen (20% oxygen, 1% argon, as well as some water vapor, car-
bon dioxide and other contaminants) which is readily available for extraction (Banares
et al., |2015)). There are several ways of performing the air separation, but the cryogenic
distillation is the most widely used and accounts for around 80% of total world nitrogen
production (Eric R. Morgan| 2013; Ivanova and Lewis, [2012)). Pressure swing adsorption
(PSA) is also a mature alternative for nitrogen production, while membrane separation is
another, less mature option (Rouwenhorst et al., [2019).

Cryogenic distillation

The cryogenic distillation unit utilizes the different boiling points/condensation tempera-
tures of the three main gases present in the atmospheric air (nitrogen, oxygen and argon).
The unit is essentially a complex series of chambers, compressors, heat exchangers and
adsorbers that allows for step-wise extraction and separation of the gases (Castle, 2002).
The process begins with air being compressed and re-cooled for removal of carbon diox-
ide and water through a sieve adsorbers. Then, the purified air is cooled down through
heat exchange to partial liquefaction of the gases. Nitrogen liquefies at 77K (-195°C) and
oxygen liquefies at 90K (-183°C). This difference in boiling point, is enough to separate
the gases in the distillation chamber. Argon lies in between with a boiling point at 87K
(-185°C), and is separated in step-wise columns downstream in the distillation chamber.
(The royal society of chemistry, [2023; |Castle, 2002} Spelorzi, 2022)
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The cryogenic unit are well suited for large scale nitrogen production, and is considered
the best alternative for large scale ammonia production with production ranges of 20-2500
tNH3/d (Osman et al. |2020). The unit requires continuous operation, but has the ability
to adjust the load between 60-100%. However, the slow dynamic response (order of hours)
means flexibility is limited. (Rouwenhorst et al., 2019)

Pressure swing adsorption

Another method for separation of nitrogen from air is the pressure swing adsorption (PSA).
Unlike the cryogenic unit, that achieves separation by liquefaction, the PSA is a non-
cryogenic method that uses adsorption and desorption at various pressures (Ivanova and
Lewis, [2012).

During operation, compressed air is passed through a combination of filters to remove
water, carbon dioxide and minor impurities. The purified air is then passed along to one
of two adsorption vessels full of adsorbent sieves. As the compressed air travels through
the first vessel, oxygen is adsorbed by the filters. The high pressurized vessel leads to
a selective adsorption, allowing nitrogen to pass through at a desired level of purity. At
the same time, a second vessel is depressurized to remove the adsorbed gases, releasing
it to the atmosphere, thus preparing the for the next cycle. These vessels alternate their
operation at high and low pressures, thus increasing the flow of operation. (Ivanova and
Lewis, 2012; |[Banares et al., 2015} Spelorzi, 2022])

The advantage of PSA is its relative simplicity and its ability to quickly adjust to changes
in demand or operational conditions, making it a promising alternative for combination
with intermittent renewables. However, it is less energy efficient than cryogenic distillation
(around 0.29 kWh/kgNs vs 0.1 kWh/kgNy (Banares et al., 2015))) and is better suited for
smaller scale operations with production ranges of 5-500 tNH3/d (Osman et al., 2020).
PSA units can also operate intermittently and have the ability to adjust the load between
40-100%, allowing for greater operational flexibility (Rouwenhorst et al., |2019).

Membrane separation

Membrane separation represents another alternative technology for air separation. In
this process, compressed air is passed to a membrane unit, which is essentially a tube
bundle similar to a shell-and tube heat exchanger, but with smaller tubes with diameter
of around 0.2mm. The tubes are completely filled with membrane material, containing
thousands of hollow fibers (Castle, 2002). The principle behind the separation is that
the gases present in air have different permeability, which determines the gas’ ability to
diffuse/travel through the membrane wall. Oxygen, carbon dioxide, and water vapor have
higher permeability than nitrogen, meaning they pass through the membrane unit at a
faster rate. These gases are discarded along the tube bundles, while nitrogen is collected
separately at the tube outlet.

Compared to the other technologies, membrane separation typically gives nitrogen of lower
purity (95-99.5%), in contrast to the 99.999% purity of cryogenic distillation and the
99.8% purity of pressure swing adsorption (Rouwenhorst et al., 2019). Additionally, the
membrane separation is only viable for smaller scale production with a production rate of
1-500 tNHg3/d. Its energy consumption is estimated to be around 0.4 kWh/kgNs, higher
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than that of cryogenic distillation and pressure swing adsorption (Rouwenhorst, [2018;
Osman et al., 2020

2.4.9 Ammonia synthesis

Once hydrogen and nitrogen have been procured through electrolysis and air separation
respectively, the next step in the process of producing ammonia, is ammonia synthesis.
The synthesis loops for almost all ammonia plants are based on Haber—Bosch process,
which was developed nearly one hundred years ago. Regardless of the hydrogen and nitro-
gen origin, the Haber-Bosch synthesis loop remains largely the same (small variations in
plant design based on industry for the specific plant), meaning both green and grey /black
ammonia production employ this approach. The specifics of the Haber-Bosch operation
will be discussed subsequently (Morgan et al.l [2014).

Haber-Bosch synthesis loop

A simplified schematic illustration of the Haber-Bosch synthesis loop is given in Figure
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Figure 2.11: Schematic illustration of the Haber-Bosch synthesis loop based on illustrations
from Morgan et al|(2014); Banares et al.| (2015)).
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The initial stage involves the combination and compression of the syngas (hydrogen and
nitrogen at a 1:3 ratio) at the inlet, typically to pressures between 100-400 bar. The
compressed syngas is then fed into the synthesis loop, where it is heated to the required
reactor temperature of between 400-600 °C (Banares et al 2015} Eric R. Morgan, 2013).
These high temperatures and pressures are required in order to separate nitrogen from its
strong triple bond, and to allow for synthesis to occur in the reactor chamber in presence
of a catalyst (usually iron (Fe) based) (Rouwenhorst, 2018)).

After synthesis in the reactor, the gases are transferred to the condenser, where liquid am-
monia is separated from the hydrogen and nitrogen gas that has not yet been synthesized
in the reactor. Only about 15-25% of the feed gas is actually being synthesized during the
first pass (Banares et al., 2015; Osman et al.l 2020|). The remaining unreacted gases are
recycled through several additional passes, eventually reaching an overall conversion rate
of around 97-99% (Osman et al., 2020; |Fasihi et al.l |2021)).
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To compensate for a pressure drop through the loop of about 6%, a recycle compressor is
used to restore the syngas to the pressure levels required by the reactor. The gas must
also be reheated (Banares et al. [2015). To avoid build up of inert gases such as argon and
carbon dioxide that has not been purified in the air separation process, the loop utilizes
a periodic purge to discard these gases from the loop, and to avoid a lowered conversion
efficiency in the process (Nosherwani and Neto, 2021)).

While the Haber-Bosch process is efficient, it lacks flexibility, and is designed for stable
and continuous operation. As a result of this, continuous feed of hydrogen, nitrogen and
electricity is required. Deviations will lead to changes in temperature and pressures, which
and turn may damage the catalyst and lower the conversion rate. (Osman et al., 2020;
Morgan et al.; 2017). This is a particularly bad feature when combined with intermittent
renewable energy sources such as wind as solar. Implementation of hydrogen buffer tanks
and battery banks to provide a more continuous flow of both hydrogen and electricity
(for air separation as well as ammonia synthesis) is a promising alternative that helps
to mitigate the need for flexibility. Additionally, new research suggests that new Haber-
Bosch design solutions may enable operation with a turn-down ratio of 90% (load range
of 10-100%) (Haldor Topsge and Alfa Laval, 2020) and ramp-up rates of 20% per hour
(Wang et al., 2023). This increased flexibility is suggested to be obtained by adjusting
the operation parameters such as reducing the purge rate and increasing the fraction of
inert gases in the reactor. Additionally, varying the fraction of the Hy/Ny ratio may aid
in reducing the load of the H-B plant (Cesaro et al., 2021)).

A normal-sized Haber-Bosch plant produces 1000-1500 tonnes ammonia per day and has
an energy requirement of around 0.6 kWh/kgNHj (Fasihi et al., [2021; Banares et al.,
2015). Some larger plants are also operative at a production of 3000-4000 tonnes per day
(Morgan et al.l 2017; Banares et al.l 2015).
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3 Methodology

In this chapter the methodology of the thesis will be discussed. Each step that has been
taken during the construction of the computational optimization framework for production
of green ammonia will be methodically presented.

3.1 System description

The off-grid green ammonia power plant is schematically illustrated in figure The
system consists of (i) power suppliers (wind and/or solar), (ii) power demanders (PEM
electrolyzers, cryogenic air separation unit (ASU), syngas compressor and Haber-Bosch
unit), (iii) mass flow suppliers (PEM electrolyzer and cryogenic ASU) and mass flow de-
mander (Haber-Bosch unit). Additionally, batteries and hydrogen buffer tanks are added
to the supply chain for load management by storing energy and hydrogen in times of excess

resources, and supplying in times of deficit.

—Main power flow-

Opt. power flow:-p>
—NMain mass flow—
vvvvv Opt. mass flow --p

= e
compressor

Battery storage - »

Figure 3.1: Ilustrative flowchart for a green ammonia plant including all system compo-
nents and mass- and energy flows.

3.2 System operation

The production of green ammonia is a complex process involving several system compo-
nents - all of which are in need of consideration if the plant is to be operated at optimum
conditions. The system behaviour is inconsistent and unpredictable due to the ever chang-
ing climate. Variable wind speed, solar irradiation, temperature and humidity makes the
energy production from renewable energy-based systems fluctuating. A hybrid system
comprised of both solar PV and wind turbines will smooth out the energy production, but
the system will still be in need of additional balancing units such as battery banks and
hydrogen tanks. These balancing units are especially important in a green ammonia pro-
duction plant, which is typically considered to be a non-flexible plant in need of continous
and even input of both power and mass flow (hydrogen and nitrogen) in order to operate
(Haber-Bosch unit and the air separation is the bottleneck for flexible operation).
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During system operation, power is generated from the renewables (wind and/or solar) and
delivered to the downstream power demanding components. The electrolyzers produces
hydrogen through water electrolysis, and the air separation unit extracts nitrogen from
the surrounding air. Both elements are compressed in the syngas compressor before they
are being fed into the Haber-Bosch unit for production off ammonia, thus ending the
(simplified) green ammonia production chain. However, to optimize functionality and
utilization of each system component, battery banks and hydrogen buffer tanks have been
added to the chain. While the electrolyzers are considered flexible, with the ability to
ramp up and down in load at a fast rate, and tolerate frequent start up/shut downs,
the Haber-Bosch unit is not, as it must consistently be operated at 100% of its installed
capacity. As a result, the battery bank is to function as an additional energy source for the
Haber-Bosch unit at times of energy deficiency from the renewables, thus increasing the
reliability of the system. Additionally, the hydrogen buffer tank is included to function
as a secondary hydrogen provider at times of power deficiency (i.e., at times when the
electrolyzers are unable to produce enough hydrogen to cover the Haber-Bosch demand).

3.3 Optimization approach

As stated in the introduction, the main goal of this study is to optimize the production
of green ammonia in an off-grid energy system. Specifically, this involves identifying the
optimal system configuration, which includes determining the appropriate sizing of each
component in terms of installed capacity. The aim is to meet production requirements
reliably, ensuring a controlled output with minimal non-production days, all while min-
imizing costs. To accomplish these objectives, an optimization approach, or a system
optimization model, has been developed. Figure [3.2] provides an overview of the various
steps involved in this approach. These steps serve as the foundation for the optimization
model and establish the framework for the subsequent sections and the entire thesis.

Determine objective
functions, decision
variables and
constraints

Calculate power and
hydrogen flows
throughout the system

system component
characteristics/

parameters

Run simulation to find the
optimal solution

!

Determine
mathematical
modelling of system
components

Determine desired
ammonia output and
system reliability

Figure 3.2: Presentation of the design strategy applied for the creation of the simulation
framework for the optimization of a green ammonia plant.
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The first step of the optimal sizing approach is to gather input data necessary for perform-
ing accurate simulations in order to duplicate the functionality and dynamics of a fully
functional green ammonia plant. This includes meteorological data of wind speed and solar
irradiation, economical data (CAPEX and OPEX), and technical data (specifications and
characteristics) of each system component. Additionally, each system component (e.g.,
PV, wind turbine, battery, hydrogen tank, air separation and Haber-Bosch unit) must be
mathematically expressed in order to simulate its functionality and performance during
operation. This is done by using mathematical expressions and equations with the purpose
of mimicking real-time behaviour.

The second step is to determine objective functions, decision variables and constraints.
Objective functions can be thought of as the goal of the optimization, depending on
what the desired end result is; whether that will be to minimize cost or maximize system
reliability. The decision variables are the variables in the optimization problem in which
the decision-maker has control over. These variables allows the optimization model to
simulate through a number of possible solutions in the search of the best one. Decision
variables can represent the installed capacities of the system components (e.g., the ability
to search through a number of different installed capacities of for example PV and wind
turbines, in order to find the best combination of the two relative to the desired output).
Additionally, a target ammonia output and level of system reliability must be set in order
for the simulation to have a starting point to perform the optimization.

By incorporating technical and economical data, developing mathematical modelling of
each system component, determining the objective functions, decision variable, and con-
straints, and setting the desired outputs, the stage is set for the third step to be included.
Here, the hydrogen and power flow requirements is calculated, before an optimization
algorithm is created to process all data input and to perform the simulation. By using
a programming language to run the simulation, an optimal solution is to be found, thus
completing the optimization process. All these steps will be discussed in the following
sections.

3.3.1 System flexibility

The energy available from the renewables are variable due to the intermittent nature of
the wind turbines and solar PVs. Adding batteries and hydrogen tanks will help minimize
these fluctuations in energy supply, but there is still necessary to have a certain flexibility
in the various system components if the production of green ammonia is to be fully op-
timized. The electrolyzers, and especially the PEM electrolyzers, allows for flexible load
management and has the ability to be ramped up and down at a fast pace at times of
energy deficiency - thus being able to function well when paired with renewables. The
alkaline electrolyzer is generally less expensive than the PEM, but does not offer the op-
erational flexibility to the same extent, even though some dynamic operation is possible
(slower ramp up and ramp down potential as well as less flexible load management).

The bottleneck for the green ammonia production flexibility, however, lies in the ammonia
synthesis unit, which in the optimization framework is considered to be the ASU, syngas
compressor and H-B lumped together. The air separation unit (pressure swing adsorp-
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tion) itself is typically rather flexible and can be operated down to 30% load (slow ramp
up dynamics, typically over several hours) (Eric R. Morgan, [2013), whereas the syngas
compressor typically have a load range of 55-115% (Banares et al., 2015)). Even though
these components allows for some flexibility, the real challenges lies within the ammo-
nia synthesis loop occurring in the Haber-Bosch unit. The environment in which the
reactions are taking place within the loop, requires nearly continous feed of the reactive
components (hydrogen and nitrogen) as well as electricity input in order not to damage
catalysts present in the reactor and lower conversion efficiency (Wang et al. 2023; |[Eric
R. Morgan), [2013]). Recent studies show that the ammonia synthesis loop has the ability
to operate operate with a turn-down ratio of 40% (i.e., minimum load operation at 60%)
as demonstrated by (Armijo and Philibert| 2020), and studies done by (Haldor Topsge
and Alfa Laval, 2020)) suggests that an even larger turn-down ratio of 90% is feasible at
a design stage. Nevertheless, for the purpose of this paper, a non-flexible Haber-Bosch
unit, and therefor also a non-flexible ammonia synthesis unit altogether (combination of
H-B, ASU, and syngas compressor) has been chosen for further work. This means that
the ammonia synthesis unit will require constant power and hydrogen input in order to
operate, or else it must shut down, i.e., full production or no production at all. This lack
of flexibility means that the implementation of a battery bank and hydrogen buffer tank
is critical if the continous demands for hydrogen and energy is to be met to avoid system
shut-down.

3.3.2 Assumptions

In order simulate the operation of the complex green ammonia plant, certain assumptions
and simplifications had to be made. Making these necessary adjustments along the pro-
duction chain, helped facilitate the implementation of the optimization algorithm. The
adjustments were as followed:

(1) The electrolyzers has the ability to instantaneously shut down/start up operation, (2)
the Haber-Bosch unit, syngas compressor, and air separation unit is lumped together and
considered to be one single unit (referred to as the ammonia synthesis unit) Nayak-Luke
et al.| (2018), (3) even though ammonia synthesis unit requires constant load and conti-
nous operation throughout the year, we provide some slack in the form of a predetermined
number of days of shut down, later refereed to as total ammonia deficit (TAD), (4) the
ammonia synthesis unit can shut down/start up instantaneously, (5) assume constant elec-
trolyzer efficiency through various load ranges, (6) wind turbines, solar PV, electrolyzers,
ammonia synthesis unit, batteries and hydrogen tanks are modelled as continuous variables
(in real-world project these components typically have a standardized modular unit size),
(7) no need for hydrogen compression before the surplus hydrogen is stored in the buffer
tanks, as the hydrogen output from the PEM electrolyzers are already compressed to 30
bar, (8) assume fully charged batteries and H2 tank at the beginning of the simulation,
and (9) assume no stack replacement is required for the electrolyzers.
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3.4 Mathematical modelling of the system components

To accurately depict and optimize the systems behaviour, it is essential to define and
incorporate mathematical models of the main components. These models allows us to
predict the systems behaviour under various conditions. Four mathematically expressed
models is included in the following section, one for each main component; wind turbine,
solar PV, battery and hydrogen tank. The electrolyzers and the ammonia synthesis and
unit itself is not mathematically modelled, but rather expressed in terms of power and
mass flow demands, which will be introduced in a later section.

3.4.1 Wind turbine system model

To accurately calculate the hourly output of a wind turbine, the turbines power curve
is typically used (Mokheimer et all 2015). Each turbine has their own unique power
curve based on design parameters. However, a more simplified method to describe a
generalized power curve can be implemented when performing computations. Equation
1] approximately models the power output of the wind turbine for various wind speeds
at a given time t. Where P,(t) is the wind turbine power output, P, is the rated wind
turbine power (kW), v(t) is the hourly measured wind speed (m/s), v, is the rated wind
speed (m/s), Veut—in is the cut-in wind speed (m/s), and veyi—oue is the cut-out wind speed
(m/s). Here, veyi—in, refers to the minimum wind speed required in order for the turbine
to start rotating, and veyut—in gives the maximum allowable wind speed before conditions
goes beyond what the turbine is designed to handle, and the it must shut down. (Das
et al., 2021; Nguyen et al., 2021; |[Smaoui et al., [2015; Shi et al., 2020))

0, if U(t) < Vcut—in OF U(t) 2 Ucut—out
Ua(t)ivgut—in :
Pwt(t) = PT (W) s lf Veut—in < 'U(t) < Uy (31)
Prv Ur S U(t) < Veut—out

When calculating wind power output, it’s important to convert the hourly wind speed
values obtained at measuring point to the hub height. The most commonly used formula
is the power law, as expressed by equation

V(t) = vyes(t) x (hi)a (3.2)

Here, v(t) is the calculated wind speed at hub height h (m), v,cs is the measured wind
speed at height h,¢ (m), and « is the ground surface friction coefficient. For low roughness
surfaces and well exposed sites (which is typically locations in which installation of wind
turbines is considered feasible), the value of a = 1/7 is normally used.
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3.4.2 Solar photovoltaic system model

The simplified mathematical model used to determine power generated by the solar PV
is based on the physical variables of the PV cell material, the temperature of the solar
cell, and the solar irradiation. By using hourly data for solar irradiance and ambient
temperature, the model can estimate the hourly power production of the solar PV system.
The power output of a PV generator can be computed using equation (Samy et al.,
2020; Kaabeche et al., |2011} Diaf et al., 2008a; Maleki and Pourfayaz, 2015))

Ppy(t) = (PrateaDy) (éj:f) (1 + Kr <Tamb(t) + Gy (1\10002—20) — Tref)) (3.3)

To compensate for losses caused by various external factors such as difference in temper-
ature and humidity, dust layers on the solar panels etc, a derating factor, Dy, has been
introduced. This is set to 0.9, thus minimizing the solar PV output by 10%. The PV
modules has been set on an inclined, tilted angle equal to the latitude of the place of
simulation. This has proven to be a precise generalization of the optimal placement angle
for solar PV over various locations (Samy et al., 2020). The temperature coefficient of
efficiency, K7 = —3.7 x 1073 (1/°C) for mono and poly-crystalline Silicon, adjusts the
efficiency of the PV based on the temperature (Kord and Rouhani, [2009). T, is the
ambient air temperature of the surroundings, NOCT is the nominal operating temper-
ature, which denotes the PV module surface temperature at standard conditions (with
irradiance G = 800 W/m?, T = 20°C, and wind speed at 1 m/s), P, is the power output
of the PV module (W), P,qeq is the rated module production (W), G; is the radiation
received (irradiation) on the tilted solar panel (W/m?), and G,y is the incident radiation
(irradiation, combination of direct and diffuse) at standard conditions (1000WW/m?) (Samy
et al., 2020; Maleki and Askarzadehl 2014; |Diaf et al.l 2008b).

3.4.3 Battery storage system model

The surplus energy produced by the PV and wind turbines can be used to charge the
batteries (if the batteries are not fully charged already), whereas the stored energy can be
discharged whenever there is a shortage in power generation. The batteries are present
to supply energy to the ammonia synthesis unit and air separation unit (not to the elec-
trolyzers) when energy generated from the renewables are not adequate. Subsequently, the
discrepancy between total energy generated from the renewables and the energy required
by the load, represented by the electrolyzers, air separation unit and ammonia synthesis
unit, determines whether the batteries are in a state of charging or discharging. To de-
termine the available capacity of the battery bank at time t, equation is used. Here,
Chat(t) and Chpai(t — 1) represents the battery capacity (kWh) at time t and t-1 (i.e., the
previous timestamp), respectively, and o, denotes the self-discharge rate (%) of the battery
as provided by the manufacturer. 7yssery, also provided by the manufacturer, refers to
the battery charging efficiency (%). (Mokheimer et al.l 2015; |Al-Sharafi et al., [2017; [Diaf
et al., 2008b; |Al-Buraiki and Al-Sharafi, 2022; Diaf et al.l 2007; Kaabeche et al., 2011))
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Cbat(t) = Cbat(t - 1) X (1 - U) + (Pbat,in(t> - Pbat,out(t)) At x nbattery (34)

Pryqt,in(t) represents the energy put into the battery at a charging state (kW h), whereas
Pyt out(t) gives the energy drawn out of the battery during discharge (kWh), for the
given time-step At, (h). These are input and output values that are determined by the
system operation, i.e., the amount of renewables generated, power demands throughout
the system from the electrolyzers, air separation unit and ammonia synthesis unit, and
the synergies between them - all of which are determined by the strategy for controlling
power and hydrogen flows, which is implemented in the optimization algorithm (will be
discussed in a section [3.7)). (Diaf et al., [2008Db))

3.4.4 Hydrogen buffer storage model

Analogously to the battery bank, a hydrogen buffer tank is incorporated to provide addi-
tional hydrogen reliability to the system. The hydrogen buffer tank supplies hydrogen to
the ammonia synthesis unit at times of production shortage from the electrolyzers, and
stores hydrogen at times of production surplus from the electrolyzers. The amount of
hydrogen stored in the buffer tank at time t can be expressed by equation

CHg,tank(t) = CHg,tank (t - 1) + (mHz,prod(t) - mHg,cons(t)) (35)

Here, CH, tank(t) and Cy tank(t — 1) refers to the hydrogen tanks state of charge, or the
amount of hydrogen stored in the buffer tank (¢z,) at time t and t-1, respectively (Nguyen
et al., 2021)). mu, proq(t) is the amount of hydrogen produced hourly from the electrolyzers
(t/h), and mp, cons(t) is the hourly demand for hydrogen from the system (i.e., hydrogen
demanded from the ammonia synthesis unit). (Tebibel, [2021)). Accordingly, the amount
of hydrogen in the tank at time t, is whatever the amount of hydrogen stored in the tank
was at the previous time-step plus the difference in demand/supply at that time.

3.5 Energy consumption and mass flow in a green ammonia system

To perform computations and be able to optimize the green ammonia plant, the energy
consumption and mass flow throughout the system must be determined. These flows must
be optimized if the system is to function properly. As illustrated in chapter the green
ammonia plant is an elaborate system consisting of several interconnected components. If
one component shuts down due to lack of mass or energy supply, the entire system may
shut down. Thus, controlling the flow is an integral part of the system design.

3.5.1 Energy consumption
The total energy demand in the system is the sum of all the energy-demanding components

individual consumption; the electrolyzers (for Hy production), the air separation unit (for
N, production), and the ammonia synthesis unit (for NH3 production), which as defined
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in chapter is the combination of H-B and syngas compressor. The estimated energy
consumption for the green ammonia plant is listed in table

Table 3.1: Energy consumption from the components in the green ammonia plant.

Description Energy Consumption Fraction
(KWh/kgNHs) (%)
H, production 8.35 - 9.06*¢ 89.1 - 92.5
N, production 0.12 - 0.50%d-f 1.3-5.1
NHj3 production 0.53 - 0.64%%:8 5.7-6.9
(Syngas compression) (0.11 - 0.16) (20.8 - 25.0)
(Haber-Bosch) (0.42 - 0.51) (75.0 - 79.2)
Total production 9.00 - 10.2 100

2(Eric R. Morganl, 2013), ®(Taibi et al., [2020), ¢(Nel Hydrogen Electrolysersl 2021)), ¢(Cesaro et al.l 2021,
¢(Rouwenhorst et al., [2019), {(Spelorzi| [2022), &(Salmon and Bafiares-Alcantaral, [2022), ®(Gallardo et al.,
2021)

Here, the energy consumption is expressed in terms of kWh/kgNHs, i.e., energy required
per kg of ammonia produced. This is a way of comparing the amount of energy each
component draws per kg NHgs, with the electrolyzer consuming around 90% of the total
energy for its production of hydrogen, the air separation unit drawing around 4% and the
ammonia synthesis loop around 6%.

Electrolyzer power and mass flow

Since the air separation unit and ammonia synthesis loop are combined and treated as a
single unit, it is practical to represent the energy requirement per kg of NH3. Conversely,
for electrolyzers, expressing the energy demand in kWh/kgHs is more beneficial, as it
enables the direct calculation of hydrogen production relative to the energy input, rather
than determining the electrolyzers energy demand based on the ammonia plant’s output.
From chapter we know that the lower heating value (LHV) of hydrogen is equal
to 33.3 kWh/kgH,. By combining this with the electrolyzer efficiency, e, (%), and the
instantaneous power input, Pp, (MW), the hydrogen production, rgy, (i, (kgHs2), can be
obtained by equation (Al-Buraiki and Al-Sharafil |2022; Tebibel, 2022; Gallardo et al.,
2021; Nel Hydrogen Electrolysers, |2021)).

Pelz

; R — 3.6
MH;.elz LHVHQ X Tely ( )

Electrolyzers can operate at variable loads, which means they can adjust their power
input based on the current demand for hydrogen. From we know that the PEM
electrolyzer are able to operate under operational ranges of 20-120%, thus allowing for
increased operational flexibility as the electrolyzer are able to run under a wide range of
energy input from intermittent renewables.
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3.5.2 Mass flow

To estimate the mass flow rates for each component in the green ammonia plant, we need
to consider the stoichiometric values of the production components, as shown in Table
By using these values, the mass flow rates of nitrogen, hydrogen, water, and ammonia can
be determined at each stage of the process. In order to produce 1 kg of Ammonia, 0.82
kg of Nitrogen and 0.18 kg of Hydrogen is required, with an additional 1.80 kg of water
(H20) is required through electrolysis.

Table 3.2: Stoichiometric values of production components.

Product Symbol Stoichiometric

Ratio
Nitrogen Ny 0.82
Hydrogen Hy 0.18
Water H50O 1.80
Ammonia NH; 1.00

By adjusting these values relative to the desired plant capacity (i.e., output of tonnes of
Ammonia per day), one can calculate the required mass flows throughout the system.

3.5.3 Round-trip efficiency

A suitable method for assessing the efficiency of the green ammonia system is by evaluating
its round-trip efficiency. This is defined as the ratio of the energy required for production
to the energy content of the ammonia that has been produced. By utilizing the round-
trip efficiency approach - an assessment of the overall performance of the green ammonia
system can be made, and potential areas for improvement can be discovered. Moreover,
by comparing the system’s efficiency with other energy storage technologies, a better
understanding of it’s relative performance and the true potential of green ammonia as an
energy storage medium can be obtained.

The round-trip efficiency is the ratio of the energy required for production of ammonia
- to the ammonia output energy content. This value can be calculated by dividing the
total energy stored in the produced ammonia by the total energy input to the system.
The round-trip efficiency provides an indication of the system’s effectiveness in converting
input energy into ammonia.

To calculate the round-trip efficiency, it is first necessary to determine the energy content
of the produced ammonia. The specific energy density, or the lower heating value of
ammonia is approximately 5.2 kWh/kg (U.S. Department of Energyl [2006; Morgan et al.,
2014; Lhuillier et al.; 2019)). By multiplying the LHV with the mass flow rate of ammonia,
the energy content of the ammonia produced can be estimated. The total energy input
to the system is obtained by summation of all the power consumed by the components
in the green ammonia plant, as illustrated before in table The round-trip efficiency
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can be calculated from the ratio between input energy from renewables, and the potential
output energy from ammonia (measured by the energy stored in the produced ammonia),
as shown in equation (Morgan et al., 2014)

Energy Content of Produced Ammonia

Round — trip Efficiency = x 100 (3.7)

Total Energy Input to the System

3.6 Formulation of the optimization framework

In the following section, the formulation of the optimization framework will be discussed.
This can be thought of as the building blocks behind the operation, as shown in figure
These fundamental criteria helps setting the scene for the optimization algorithm,
and provide the necessary input data and guidance required to run the optimization and
simulate the green ammonia plant. Each building block will be discussed subsequently.

o S Decision S
Intitial Objective o . Optimization
o ——» . Bmmma variables and EEEd  Constraints SSssg :
conditions functions boundarics algorithm

Figure 3.3: Ilustration of the fundamental building blocks formulating the optimization
framework.

3.6.1 Initial conditions

The initial condition functions as a starting point in which all system sizing is determined
by. For the purpose of this project, a desired output rate of 1500 tonnes of ammonia per
day (tpd) is set as the initial condition. This allows the rest of the optimization to be
modelled and optimized with purpose of achieving the desired output.

3.6.2 Decision variables and boundaries

In order to achieve the desired production of tonnes of ammonia per day, the system com-
ponents must be scaled properly; meaning that the wind turbine, solar PV, electrolyzer,
battery bank, and hydrogen tank all must be sized to the correct installed capacity to
be able to delivered the desired output. The reason behind this optimization in the first
place, is that we do not yet know what this ”correct installed capacity”, or the optimum
system configuration really is, which is why the system components must act as decision
variables with the ability to adjust the installed capacity up and down to find the proper
sizing of the system.

The decision variables effectively makes up the search area of the optimization algorithm.
In order to decrease simulation time, and shrink down the search area (decrease number of
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iterations necessary to locate the optimized system configuration), component boundaries
are introduced. By deciding a minimum and maximum installed capacity of each system
component, we limit the search to relevant areas, and disregard areas that are considered
out of bounds. These upper and lower bounds are expressed as follows (Samy et al., 2020;
Bukar and Tan, 2019)):

NwT,min < Nwr < NWT max (3.8)
Npv.min < Npy < Npy max (3.9)
Nelz,min < Nelz < Nelz max (3.10)
Npat,min < Npat < Npat, max (3.11)
Nt,tank,min < NHytank < NH,tank, max (3.12)

Even though the components are typically modular, and comes in pre-determined unit sizes
(e.g., PEM electrolyzers delivered as 20 MW units (Nel Hydrogen Electrolysers, |2021)), or
solar PV as a 635 W module (HUASUN] [2022)), the components are for the purpose of
this project considered to be continuous variables, with the ability to adjust up and down
in size on demand. Thus, N, represents the components’ installed capacity (kW, kWh or
kgH,), while the sub-scripted abbreviations represents the component considered (WT =
wind turbine, PV = solar PV, elz = electrolyzers, bat = battery, and Hytank = hydrogen
tank).

3.6.3 Objective function

Any optimization method needs an objective function. This a mathematical expression
that represents the main goal of the optimization. Typically, this would be minimize or
maximize some environmental, technical or economical aspect (Bukar and Tan, [2019). The

objective function for this work is to minimize the levelized cost of ammonia (LCOA).

Objective function : min. LCOA (Nwr, Npv, Nelz, Nbat, NH,tank) (3.13)

The LCOA represents the cost per unit of ammonia produced, and is expressed in USD
per tonne of ammonia (USD/tNys). It takes into account the capital and operational
expenditure of all system components over the course of the system’s lifetime as well as
the total produced ammonia over the same time-period, and is a function of the installed
capacities of all system components. By minimizing the LCOA, the optimization algorithm
aims to find the most cost-effective system configuration, thus establishing the purpose of
the thesis. (Akhavan Shams and Ahmadi, 2021)

Determining system cost analysis

To calculate the levelized cost of ammonia (LCOA) for the optimized, hybrid plant, the
net present value of the capital costs (CAPEX) and operations and maintenance costs
(OPEX) over the lifetime of the system is summed and then divided by the total ammonia
production (Osman et al., [2020), as shown by:
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cost of production over lifetime

LCOA = .14

cO mass of ammonia produced over lifetime (3.14)
NP F

LCOA = TC;CR (3.15)

Zt:l TN H (t)

where the terms net present cost (NPC), and capital recovery factor (CRF), refer to the
sum of the current value of all system components’ actual cost and the capital recovery
factor, respectively (Al-Sharafi et al., 2017). These are represented mathematically as:

i)
CRF = Tro 1 (3.16)
T
NPC = CAPEX + > OPEX(t) (3.17)
t=1

here, i, is the real interest rate and n is the project lifetime in years. By using the total
net present cost (NPC) concept, the cost of the system can be calculated. The NPC
takes into consideration the initial capital cost of the system (CAPEX) as well as the
annual operational and maintenance cost (OPEX) evaluated throughout the lifetime of
the project, starting from t=1 year to the end of the lifetime, T. (Al-Buraiki and Al-
Sharafi, |2022; |Abdin and Méridal 2019; |Osman et al.l 2020).

3.6.4 Constraints

The hybrid energy system is at all times subject to a number of constraints. These
constraints allow the system modelling to stay within the boundaries of the system com-
ponents, thus allowing for realistic simulations based of off real life scenarios. These
constraints must at all times be satisfied if the green ammonia plant is to operate. Both
reliability constraints and component constraint is considered, and presented in the fol-
lowing part.

Reliability constraint: total ammonia deficit (TAD)

Because the wind energy and solar PV is of an intermittent nature, there is no guarantee
for constant energy supply in a green ammonia plant solely reliant upon these off-grid
energy sources. For this reason, a reliability measure must be introduced to the system,
which for the purpose of this thesis was chosen to be total ammonia deficiency (TAD). This
parameter represents the total ammonia demand unmet by the ammonia supply during a
specified period, and is calculated on an hourly basis. (Tebibel, 2021])

T
TAD — Zn:l (ma,d - ma,s)
ZZ:l mavd

(3.18)

where mg s is the amount of ammonia supplied (i.e., ammonia produced by the green
ammonia plant) to the demand mgq (i.e., the pre-determined ammonia production re-
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quirements). TAD is given as a decimal point from 0-1, with 1 representing 100% deficit,
i.e., complete system shutdown. As has been explained in the chapter the ammonia
synthesis must be operated at rated capacity or shut down. Meaning, that for the purpose
of this thesis, TAD is either equal to 0 - meaning the ammonia synthesis unit is producing
ammonia at rated capacity, or equal to 1 - meaning the ammonia synthesis unit is shut
down. TAD is calculated on an hourly basis, where TAD = 1 simply means that the
system is completely shut down at this hour, and a TAD = 0 at hour t, means that the
system is in operation.

Battery constraint

The amount of charge in the battery bank at any given time t is governed by the following
two constraints Maleki and Askarzadeh (2014)); Osman et al.| (2020); Tebibel| (2022):

Cbat,min < Cbat(t) < Cb(zt,max (319)

With the maximum capacity at any time t, Cpgt maz, is given by the rated, or nominal
capacity of the battery, Cyut rated:

Cbat,maac = Cbat,rated (320)

And the minimum capacity of the battery at any time t, Cyos min, is given by the depth
of discharge, DOD (%), which represents maximum allowable depth of discharge of the
battery, determined by the battery manufacturer Akhavan Shams and Ahmadi (2021);
Maleki and Pourfayaz| (2015)):

Cbat,mm = DOD x Cbat,rated (3'21)

Hydrogen buffer tank constraint

Similarly to the battery bank, the hydrogen buffer tank is also subject to constraints. The
Hj tank must at all times be at a state of storage determined by equation |3.22

CHg,tank,min < CHg,tank (t) < CHg,tank,ma:c (322)

Here, the minimum and maximum capacity simply refers to an empty (no ammonia stored
in the tank) and a full buffer tank (completely filled up with ammonia, i.e., at rated storage
capacity).

Electrolyzers constraint

As previously stated (ref chapter [2.4.2)), the electrolyzers typically have an operational
window that allows them to operate at variable power input. This can be expressed by
equation Tebibel| (2022).

Pelz,min < Pelz(t) < Pelz,mam (323)
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Depending on the electrolyzers technology, this can typically range from 20% - 120% of
nominal power Tebibel| (2022)); [Nel Hydrogen Electrolysers| (2021); Eric R. Morgan| (2013)).
So, the operational window in which the electrolyzer is powered, and in production of
hydrogen, is governed by the range set by the minimum input, P, ;nin, and the maximum
allowable input, Pei, maq-

3.7 Strategy for controlling power and hydrogen flows

In order to effectively operate and control the hybrid off-grid energy system for production
of green ammonia, it is important to incorporate a strategy for controlling power and
hydrogen flows (SCPH) that is able to deal with allocating and controlling mass and
energy flows of the system at all times. As the energy generated from the renewables
are of an intermittent and uncontrollable nature, the strategy for controlling power and
hydrogen flows must be able to deal with these fluctuations in order to correctly and
efficiently supply the downstream system components.

Considering that the electrolyzers is able to operate at a variable load (20-120%), that
the ammonia synthesis unit must be continuously operated at full capacity, and that the
battery bank and hydrogen buffer tanks are installed to help support power and hydrogen
flow at times of either excess power or at power deficit - one can understand that there
is a certain complexity to the system that must be handled in order to fully optimize
functionality and utilization of all system components. The SCPH provides a description
of the hybrid off grid energy system’s behavior at every hour over one year, as well as
providing a recipe of its response to different levels of available power, battery charge, and
hydrogen tank capacity.

The design of the strategy for controlling power and hydrogen flows in this study is mod-
elled to satisfy the constraints of the system (i.e., the electrolyzer and ammonia synthesis
load ranges, the battery bank and hydrogen tank states of charge) relative to the decision
variables (i.e., the energy generated by the renewables, and the desired system output of
daily ammonia production). As a result of the variable energy generation of the system,
four different cases are assessed within the SCPH in order to cover all possible operational
scenarios. The ammonia synthesis unit requires continous and steady energy supply at
all times. This forms the foundation of the SCPH, and the energy available for the rest
of the system components is determined by the ammonia synthesis’ energy requirements.
Pyt (t) denotes the power available after the continuously running ammonia synthesis unit
has claimed its share (i.e., energy available for electrolysis or battery charging), as shown
in the equation below. This, and all other relevant arrays used in the simulation is shown
in shown in the list of symbols.

Piot(t) = Pre(t) — Pasu(t) (3.24)

The four different cases evaluated in the SCPH is; (i) case 1; when there is not enough
power to fully power the ammonia synthesis unit (nor the electrolyzer), (ii) case 2; when
there is enough excess power for hydrogen production by the electrolyzer, but enough to
fully power the ammonia synthesis unit, (iii) case 3; when there is enough power to operate
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the the ammonia synthesis unit (H-B and ASU) and also to run the electrolyzers (not at
full load), but not enough to charge the battery, and (iv) case 4; when there is surplus
power that exceeds the electrolyzer and ammonia synthesis unit (H-B and ASU) demands,
and the batteries may be charged (if not already fully charged). The SCPH strategy is
evaluated at an hourly interval over one full year of operation.

Case 1: When P,y (t) < 0; (there is no available power for hydrogen production nor
ammonia synthesis, the battery bank and hydrogen tank must address the deficits).

(a) Calculate power and hydrogen deficits (Pycf(t) and mp, gef(t)).

(b) Check if the battery bank and hydrogen tank have enough charge to supply and cover
the deficit ((Cbat(t - 1) > Pdef(t) X dt) and (CHgtank(t — 1) > mHQ,def(t) X dt)):

(i) If yes, the battery supplies power to the ammonia synthesis unit (H-B + ASU) to
cover the renewable deficit, and the hydrogen tank supplies hydrogen for ammonia
synthesis.

(ii) If no, the system shuts down as there isn’t enough battery charge and/or hydrogen
in the tank to support demands of the ammonia synthesis unit (H-B and ASU).

(d) Calculate TAD for the current hour (ratio of ammonia not supplied to meet the demand
- to the total demand).

(e) Update the state of charge for the battery and hydrogen tank based on the current
inputs and outputs.

Case 2: When 0 < Pyy(t) < Peizmin; (Not enough excess power, Py (t), for hydrogen
production, but enough to fully power ammonia synthesis unit (H-B and ASU), and to
charge the batteries (i.e., the provided hydrogen must be supplied from the Hy tanks or the
system must shut down. The excess power (whats left after the ammonia synthesis unit
has claimed its share) will charge the batteries as long as they are not at mazx capacity.
Any remaining excess power will be curtailed)).

(a) Calculate the power available for the battery to charge and the hydrogen deficit
(Pavail(t) and mHg,def(t))-

(b) Check if the hydrogen tank has enough capacity to cover the deficit (C,tank—1) =
mH2,def(t) X dt):

(i) If yes, the hydrogen tank supplies the ammonia demand, and excess power is used
to charge the batteries. Calculate energy curtailment if any.

(ii) If no, the system shuts down due to insufficient hydrogen tank capacity.

(d) Calculate TAD for the current hour (ratio of ammonia not supplied to meet the demand
to the total demand).

(e) Update the state of charge for the battery and hydrogen tank based on the current
inputs and outputs.
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Case 3: When Peymin < Piot(t) < Pejzmaz; (Enough power available to fully power
the ammonia synthesis unit (H-B and ASU) and enough power for the electrolyzers to be
operated within their operational range for production of hydrogen, but not any excess power
left to charge the batteries, i.e., all excess power, Py (t) is allocated to the electrolyzers.
Should the electrolyzer produce more hydrogen than is demanded by the ammonia synthesis
unit (H-B and ASU), and more than the there is space for in the hydrogen tanks, the
electrolyzer production will be adjusted (to produce just enough to meet demands), and

surplus power will be curtailed).

(a) Calculate the power available for the battery to charge and the hydrogen deficit
(Pavail(t) and mHz,def(t))'

(b) Calculate the available space in the Hy tank (m g,tank,avait (t))-

(c) Evaluate the following scenarios to determine system behavior:

(i) If the electrolyzer produces less hydrogen than required for the ammonia synthesis
unit (H-B and ASU), but the Hy tank has enough hydrogen stored to cover the
deficit, then the electrolyzers and Hy tank combine to fully supply hydrogen to the
ammonia synthesis unit (H-B and ASU).

(ii) If the electrolyzers produces less hydrogen than required for the ammonia synthesis
unit (H-B and ASU) and the Hy tank doesn’t have enough Hj stored to cover the
deficit, then the system shuts down due to insufficient hydrogen supply.

(iii) If the hydrogen produced from the electrolyzers exactly meets the hydrogen demand
from the ammonia synthesis unit (H-B and ASU), then the demand is supplied
entirely by the electrolyzers. No need for hydrogen supply from the Hs tank.

(iv) If the hydrogen production from the electrolyzers exceeds the hourly demand from
the ammonia synthesis unit (H-B and ASU) and the Hy tanks has available space,
store the excess hydrogen production in the Hs tanks. If the hydrogen tank is
full and the ammonia synthesis unit (H-B and ASU) is fully supplied, regulate the
electrolyzers to avoid producing excess hydrogen and instead curtail the surplus

energy.

(d) Calculate TAD for the current hour (ratio of ammonia not supplied to meet the demand
to the total demand).

(e) Update the state of charge for the battery and hydrogen tank based on the current
inputs and outputs.
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Case 4: When Piot(t) > Puzmaz; (There is surplus power available that exceeds both
the electrolyzer and ammonia synthesis unit (H-B and ASU) demands, thus allowing the
batteries to charge if needed. If the batteries are fully charged, any excess power will
be curtailed. Should the Hs production from the electrolyzers surpass the demand from
ammonia synthesis unit (H-B and ASU), the Hy tanks will be filled. If the Hs tanks are
at mazimum capacity, the electrolyzer production will be adjusted to only produce Hy to
cover ammonia synthesis unit (H-B and ASU) demand, and the surplus energy will be

curtailed).

(a) Calculate the power available for the battery to charge and the hydrogen deficit
(Pavail(t) and mHz,def(t))'

(b) Calculate the available space in the Hy tank (m g, tank,avail (t))-

(c) Evaluate all the same scenarios ((i), (ii), (iii), and (iv)) found in case 3 to determine

system behavior.

(d) Calculate TAD for the current hour (ratio of ammonia not supplied to meet the demand
to the total demand).

(e) Update the state of charge for the battery and hydrogen tank based on the current
inputs and outputs.
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3.8 Implementation of the optimal design sizing algorithm

Everything that has been methodically explained in the previous subsections, can be
thought of as building blocks leading up to the actual simulation of the working system,
and the optimization procedure itself. In this section, all the fundamental parts of system
modelling previously discussed is combined with the strategy for controlling power and
hydrogen flows for the implementation of the optimal sizing algorithm with the aim of
obtaining a functional simulation of the green ammonia plant. The implementation of the
optimal sizing algorithm can be explained by three steps (A, B, and C), and is discussed
below. Steps A and B can can be thought of as one large block of input parameters that is
pushed through to the simulation environment for optimization, as illustrated in Figure[3.4]
The algorithm is an iterative optimization script that is implemented in a programming
language (python) to run the simulation of the green ammonia plant. The python code
used for calculating the hourly energy output from a 1 kW wind-turbine and solar PV
is found in Appendix These values are scaled up to the desired installed capacities
(which are adjustable variables in the optimization code) as they form the foundation of
the optimization framework. The iterative optimization code used for finding the point of
optimum is given in Appendix [E]

Import and read input data for all system components

v v

Metereological .
s Economical data
data

v

Technical data/ Mathematical
characteristrics models

|

Set initial values and adjust system components
ranges

Adjust ranges of installed capacities

Set desired daily ammonia output (tpd) N

Pe]z,mini:i Pelz(t) = Pe]z,maz

Figure 3.4: Key input parameters that are fundamental to the optimization algorithm.
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Step A: read input data

In step A, all building blocks that has been thoroughly discussed in the previous chapter
is read, and implemented into the script. That includes (i) meteorological data; hourly
wind speed, solar irradiation, and temperature for one year, (ii) economical data; CAPEX
and OPEX values for each system component, (iii) technical data; parameters and and
describing features for all system components, and (iv) mathematical models; equations
that mathematically describes each system components real-world behaviour.

Step B: define initial values, decision variables, and constraints

In Step B, similar to Step A, the fundamental properties described in previous sections
are implemented into the script. This involves (i) setting the initial value of desired
daily ammonia production (tpd), (ii) identifying the decision variables, which include
the installed capacities of wind turbines, PV modules, electrolyzers, battery banks, and
hydrogen buffer tanks, (iii) determining and adjusting the bounds of the decision variables
to a range that allows limiting the search area while ensuring the optimal solution is
within reach, (iv) defining the objective function as the minimization of LCOA, and (v)
establishing system constraints to ensure the various system components operate within
their respective limits at all times.
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Step C: run the optimization simulation

The final step, where the simulation takes place, can be broken down into several smaller,
interconnected steps, where each of them are shown in Figure First, the search is
defined, and the iterative script starts to loop through possible system configurations (i.e.,
installed capacities of the various system components), with the search area limited by the
boundaries set in Step B. Next, the total energy generation is calculated using the math-
ematical models of wind turbines and PV modules, along with the hourly meteorological
data input. The system is then simulated, with its behavior controlled by the strategy for
controlling power and hydrogen flows.

For each system configuration, the reliability is evaluated. If the current configuration
under simulation is able to stay within the reliability measure (i.e., the TAD threshold), it
is saved for further evaluation; otherwise, it is discarded. For all saved configurations, the
LCOA is calculated. This process is repeated until all possible system configurations is
explored through the iterative loop. Once the loop is completed, the system configuration
that achieves the lowest LCOA is considered the point of optimum, thus concluding the
simulation and providing the output of the optimized green ammonia plant.

Select a combination of installed capaciy of PV, Wind
Turbine, Battery, and Hydrogen tank

Simulate the green ammonia plant operation

Subject to power and hydrogen control strategy

Output optimal system configuration and results

Figure 3.5: Implementation of the optimization framework and simulation of the green
ammonia plant.
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4 Case study

This chapter will go through the case studied in the thesis. The potential locations that
has been investigated for deployment of a green ammonia plant is introduced, along with
relevant input data, technical parameters, and additional information required to run the
simulation.

4.1 Location

The optimization of the green ammonia plant has been performed at different locations
with the purpose of investigating how various renewable resources affects the cost and
viability of production. Three various locations have been investigated; one with high
solar irradiation, one with high wind speed resources, and one hybrid case where both
wind and solar resources are abundant. These locations will have a solar-based (only solar
PV installation), wind-based (only wind turbine installation), and a hybrid solution (solar
PV and wind turbine installation), respectively, when performing the simulations.

Solar-based system

North Africa has abundant solar resources. I[RENA and AfDB|suggests that the area has
a potential installable capacity of 2,792 gigawatts of solar power - enough to generate more
than twice of Europe’s 2021 energy output, with Morocco being one of the most prominent
countries in terms of solar potential and employment (Alami, 2021). The country is
investing 5.2 billion USD in solar energy, and wants 80% of its electricity to come from
renewables within 2050 (Anouar, 2022)), twice the amount of today. Additionally, there is
currently an underwater electric cable spanning 16 kilometers connecting morocco to Spain
with potential to supply renewable energy to Spain, Portugal, the UK etc (Birnbaum), 2023;
Anouar}, 2022).

All these factors put together makes Morocco an interesting prospect and location for
investigating the possible production of green ammonia. More specifically, the city Tan-
Tan (28.4278°N, 11.1020°W) has been chosen for simulation. Here, the simulation will run
a system based purely on solar PV, i.e., no wind turbines will be installed - thus making
it a solar-based system.

Wind-based system

For the wind-based system, Utsira in Norway (59.3102°N, 4.8815°E), has been chosen for
simulation. Currently, a 1.2 MW onshore wind farm is installed at Utsira, with plans of
increasing it to 1.5 GW by 2030 (Energidepartementet|, 2023)). With high wind resources
and a capacity factor above 50%, Utsira is considered a suitable choice for simulation of
a green ammonia plant (NVE, 2023]). As a result, this area will serve as the base location
and technology (onshore wind) for calculations. Additionally, the Norwegian government
has identified areas along the Norwegian cost with a combined potential of 30 GW of off-
shore wind turbines. These sites are currently being allocated to market participants, with
the purpose of having installations completed within 2040, thus demonstrates Norway’s
commitment and potential in wind-renewable energy for the future (Energidepartementet),
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2022).
Hybrid wind- and solar based system

For the hybrid wind- and solar based system, a location with abundant wind speed re-
sources as well as high solar irradiation was needed. Patagonia in the Santa Cruz Province
in Argentina (44.9901 °S, 70.6734 °“W), was after consideration chosen as location for the
hybrid simulation. Argentina as a country has high potential as a future power-to-X con-
tributor, given the countries abundant solar and wind resources, land availability, and
access to freshwater (Elisabeth Kriegsmann) [2021)).

There are especially high amounts of wind resources in Patagonia (covering a significant
part of the country spanning from the south to mid-west), while the north and west of
Argentina receives high solar irradiation (German Bersalli and Natalia Realpe Carrillo,
2021). The estimated potential for installed wind capacity is around 300 GW, with 2.62
GW already installed in 2021 (Elisabeth Kriegsmann| 2021} Erico Spinadel, |2021)).

However, one of the main issues with developing and expanding the renewable production
in Argentina is grid connectivity and grid capacity. The transmission lines are already
at point of saturation, and the areas of potential power generation are typically situated
far from rural areas, and are completely off-grid (German Bersalli and Natalia Realpe
Carrillo, 2021). As a result, off-grid utilization such as production of green hydrogen
or green ammonia sails up as an interesting option - making the location an even more
interesting site for simulation of the green ammonia plant.

4.2 Production and mass flow

In each simulation scenario (Wind-based, PV-based, and Hybrid), the baseline ammonia
production is set to 1500 tonnes per day. From the stoichiometric relationships between
the mass flow components involved in production of green ammonia (see section ,
the mass flow required to operate a 1500 tpd green ammonia plant is given in Table
To meet these mass flow production requirements, the system components must be
appropriately sized, thus setting the scene for system optimization.

Table 4.1: Production and mass flow requirements.

Technology Product Amount Amount
(tonnes/day) (tonnes/hour)

Air separation Ny 1,234 51.4
Water supply H>O 2,666 111"
Electrolyzer Hy 266 11.1
Ammonia output NHjs 1,500 62.5

* Water supply expressed in liters/day and liters/hour.
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4.3 Reliability

In terms of the reliability measurement, the total ammonia deficit (TAD) is set to 120
hours, or 5 days. This means that during 1 year of operation (8760 hours), the ammonia
synthesis unit is allowed to be shut down for 120 hours. This allows the system components
(battery bank and hydrogen buffer tank in particular) not to be oversized in order to
supply the necessary power and hydrogen flows at times when there are particularly small
resources available. In other words, this prevents excess investments in components that
would only provide input during extreme hours, when energy generation is low, and battery
banks and hydrogen tanks are depleted.

4.4 Meteorological data

For each of the locations selected for optimization, hourly weather data over 1 year has
been extracted from the open-source interactive web-page, Renewables Ninja, created by
(Pfenninger and Staffell, [2022). Renewables Ninja primarily utilizes data based off the
MERRA (Rienecker et al., 2011) and SARAH datasets (Muller et al., |2015). MERRA,
provided by NASA, supplies the required hourly wind-speed data, whereas SARAH pro-
vides irradiation and temperature data.
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Daily mean irradiation for the solar-based location

For the solar based location, the daily mean irradiation is depicted in Figure [{.d] The
average hourly irradiation is 0.27 kW /m?2, or 2356 kW h/m? per year.
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Figure 4.1: Daily mean solar irradiation in Tan-Tan, Morocco.

Daily mean wind speed for the wind-based location

The daily mean wind speeds over 1 year, at Utsira is illustrated in Figure[f.2] The average
hourly wind speed is 8.64 m/s.
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Figure 4.2: Daily mean wind speed Utsira, Norway.
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Daily mean wind speed and irradiation for the hybrid location

The daily mean wind speed and solar irradiation is presented for Patagonia in Figure [£.4]
and Figure respectively. The average hourly wind speed is 9.8 m/s and the average
hourly irradiation is 0.23 kW /m?2, or around 2000 kW h/m? per year.
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Figure 4.3: Daily mean solar irradiation in Patagonia, Ar-
gentina (Santa Cruz Province).
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Figure 4.4: Daily mean wind speed in Patagonia, Argentina
(Santa Cruz Province).
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4.5 Input parameters

In order to simulate and optimize the operation and cost of the green ammonia plant,
input parameters are required. Both technical parameters that are determining the system
component characteristics, as well as economical parameters that determines the cost of
the components.

4.5.1 Technical characteristics

The technical characteristics of each component in the green ammonia plant are listed in
Table These are input values that are needed for the mathematical modelling, and
are key figures in the simulation process. The values are gathered from various sources,
and averaged for implementation into this work.

Table 4.2: Parameters for the components in the green ammonia plant.

Component Value Units

Solar PV1:10

Nominal operating cell temperature (NOCT) 44 °C
Reference temperature 25 °C
Module efficiency at standard conditions 22.3 %
Land use 25 m? /kW
Wind turbine®710

Cut-in wind speed 3 m/s
Rated wind speed 11 m/s
Cut-out wind speed 25 m/s
Hub height 105 m
Land use 181 m?/kW
PEM electrolyzer?3*

System efficiency (LHV) 68 %
Electrical efficiency (LHV) 49 kWh/kgH,
Operational range 20-115 %
Land use 0.027 m?/kW
Battery bank”%?

Depth of discharge (DOD) 80 %
Self discharge rate 0.005 %
Battery charging/discharging efficiency 99 %

L{(HUASUN, [2022), 2(Taibi et al., [2020), ®(Al-Buraiki and Al-Sharafi, [2022), *(Nel Hydrogen Electrolysers,
2021)), 3 (Vestas, [2023)), “(Fasihi et al.,[2021)), ®(Osman et al.l [2020), °(Cesaro et al.,[2021)), °(NREL[2016),
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4.5.2 Economic data

The economical data, representing the specific CAPEX and OPEX values of each system
component is given in Table The values are averages based on a number of different
sources, all referenced in the Table. For calculation of LCOA, the interest rate was set at
7.5%, and the project lifetime estimated to be 30 years.

Table 4.3: Energy consumption from the components in the green ammonia plant.

Component CAPEX(USD/kW) OPEX(% of CAPEX)
Solar PV1:45 AT5 2
Wind turbine*” 1150 2
PEM electrolyzer? 610 3
Battery bank®%8 250" 1
Hydrogen tank!3: 400™ 0
Ammonia synthesis unit!'-* 2837 )
Air separation unit'- 3490 2

*

* CAPEX units for Battery bank are USD/kWh. * CAPEX units for Hydrogen tank are USD/kgHo.
!(Eric R. Morganl, 2013)), ?(Tkiheimo et al.| [2018)), *(Gallardo et al., [2021)), *(Cesaro et al., [2021)), ° (Fasihil
let all 2021), 6(Arnaiz del Pozo and Cloete, [2022), "(IRENA| [2021a)), ®(Kaabeche et al., [2011), °(Taibi|
let all [2020), *°(TRACTEBEL ENGIE and HINICIO}, [2017), ** (Armijo and Philibert}, [2020), **(Tebibel,
2021), '3(Salmon and Bafiares-Alcantaral, [2022),
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5 Results

The following section presents the key findings from the optimization of the green ammo-
nia plant. Results from simulation at the three different locations specified in the case
study (see chapter are presented in table format for easy side-by-side comparison.
Additionally, plots illustrating the levelized cost of ammonia (LCOA) is given. These
plots shows the contributing cost factors, the overall cost, as well as a means to compare
the system costs for the different scenarios. Lastly, plots showing the system behaviours
through one year of production at the various locations are given. These graphs depict
energy distribution and mass flow within the system, offering a visual understanding of
the dynamics and synergies at play.
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5.1 System sizing and energy distribution

This subsection presents the optimal system sizing and energy distribution for the green
ammonia plant, obtained as outputs from the iterative simulation. Table givens an
overview of the results and a comparison of the ”Solar”, ”Wind”, and ”Hybrid” scenarios.
These labels correspond to the respective locations and system configurations considered
in the study.

Table 5.1: Case specific system sizing and energy distribution.

Description Technology Value (Unit)
Solar Wind Hybrid

Solar PV (GW) 3.25 ; 0.39
Wind Turbine (GW) - 1.47 1.13
Electrolyzer (GW) 1.44 0.84 0.76
Installed Capacity — Battery Bank (GWh) 1.34 0.38 0.38
Hydrogen Tank (ktf2) 0.34 1.87 1.07
Air Separation Unit (MW) 6.1 6.1 6.1
Ammonia Synthesis Unit (MW) 47.5 47.5 47.5
Energy Produced Solar PV (TWh) 6.37 - 0.67
Wind Turbine (TWh) - 6.66 5.89
Total (TWh) 6.37 6.66 6.56
Ammonia Synthesis Unit (TWh) 0.40 0.40 0.40
Energy Consumed  Air Separation Unit (TWh) 0.06 0.06 0.06
Electrolyzer (TWh) 4.70 4.70 4.70
Total (TWh) 5.16 5.16 5.16
Energy Curtailed Total (TWh) 1.21 1.46 1.38
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The table presents the installed capacities of each system component as well as the energy
produced, energy consumed and energy curtailed through one year of operation for the
solar PV, wind, and hybrid scenarios. For the solar PV-based green ammonia system,
located at a place of high insolation (Tan-Tan, Morocco), all the produced energy comes
from an installed capacity of 3.25 GW solar PV, supported by an electrolyzer capacity of
1.44 GW for hydrogen production, as well as a battery bank size of 1.34 GWh for energy
storage and a hydrogen tank of 0.34 ktNHj3 for hydrogen storage. The wind scenario, in
contrast has its energy entirely supplied by 1.47 GW wind turbines, with an electrolyzer
capacity of 0.84 GW, a smaller battery bank of 0.38 GWh and a larger hydrogen tank of
1.87 ktNHj3. The hybrid scenario combines the strengths of both solar and wind energy. It
has a lower installed capacity for both solar PV (0.39 GW) and wind turbines (1.13 GW)
but maintains a similar electrolyzer capacity (0.76 GW) and battery bank size (0.38 GWh)
when compared to the wind scenario. The hybrid scenario also has medium large hydrogen
tank of 1.07 ktNHj (sized between that of the wind-based and solar-based scenarios).

In total, the energy produced is similar for all three scenarios ranging from 6.37 TWh to
6.66 TWh. This is due to the system’s production target being set at a constant 1500
tonnes per day (tpd) of ammonia, as outlined in section Consequently, the energy
consumption for all scenarios is the same. The ammonia synthesis unit, air separation
unit, and electrolyzers requires 0.40, 0.06, and 4.70 TWh of energy, respectively, in order
to satisfy the mass flow requirements set by a 1500 tpd green ammonia plant.

The energy curtailment is 1.21, 1.46 and 1.38 TWh for the solar-based, wind-based and
hybrid scenario. This corresponds to an energy curtailment of 19%, 22%, and 21% relative
to total energy produced, respectively.
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5.2 System economics

The system economics for each scenario (solar-based, wind-based and hybrid) is presented
in table The table presents CAPEX and OPEX for each system component in every
scenario, and the costs are directly linked with the installed capacities of the various
components, as presented in the previous subsection.

Table 5.2: Case specific capital expenditure (CAPEX) and operational expenditure
(OPEX).

Description Technology Value (MUSD)
Solar Wind Hybrid
Solar PV 1544 - 187
Wind Turbine - 1691 1299
Electrolyzer 876 511 464
CAPEX Battery bank 335 93.8 93.8
Hydrogen tank 133 746 426
Ammonia Synthesis Unit 135 135 135
Air Separation Unit 21.3 21.3 21.3
Total CAPEX 3,044 3,198 2,626
Solar PV 30.9 - 3.75
Wind Turbine - 33.8 26.0
Electrolyzer 26.3 15.3 13.9
OPEX Battery bank 3.35 0.94 0.94
Hydrogen tank 0.00 0.00 0.00
Ammonia Synthesis Unit 6.74 6.74 6.74
Air Separation Unit 0.43 0.43 0.43
Total OPEX 67.7 57.2 51.8

The total CAPEX for the solar, wind, and hybrid scenarios are 3044 MUSD, 3198 MUSD,
and 2626 MUSD, respectively. The most expensive component in each scenario is the
energy generating components. For the solar-based scenario, that means solar PV (51%
of the total CAPEX), for the wind-based system, the wind turbines dominates the cost
(53% of total CAPEX), and for the hybrid system, the combination of solar PV and wind
turbines makes up 57% (heavily dominated by wind turbines at a 9 to 1 ratio vs solar PV)
of the total cost. The OPEX, or the annual operational expenses, is found as a percentage
of the CAPEX, and makes up a fraction of the initial investment expenses (CAPEX).
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5.3 Performance metrics

Some of the key performance metrics for each optimized scenario is presented in table
The capacity factor of solar PV is 22.4% in the solar-based scenario and 19.5% in
the hybrid scenario (no solar PV installed in the wind-based scenario). The wind turbine
capacity factor is actually higher for the hybrid scenario (59.5%), than for the pure wind-
based scenario (51.7%), suggesting better wind speed conditions in Patagonia compared
to Utsira (see chapter for case study location description). The air separation unit
and ammonia synthesis unit (Haber-Bosh + syngas compressor) shows steady operation
through all scenarios. Additionally, the total production of hydrogen (97 kilo-tonne),
nitrogen (449 kilo-tonne), and ammonia (547 kilo-tonne) is consistent throughout each
scenario. Annual water consumption is 970 kL (kilo liters), consumed by the electrolyzers
for hydrogen production. The round-trip efficiency for the green ammonia plant is 54.5%,
meaning per kilowatt input to the system, one gets 0.545 kilowatt output in the form of
energy stored in the produced ammonia.

Table 5.3: Case specific performance metrics.

Description Technology Value
Solar Wind Hybrid

Solar PV 224 - 19.5
Wind Turbine - 51.7 59.5
Capacity Factor (%) Electrolyzer 37.3 64.0 70.4
Air separation unit 98.6 98.6 98.6
Ammonia synthesis unit 98.6 98.6 98.6
Hydrogen (H») 97 97 97
Total production (kt) Nitrogen (N2) 449 449 449
Ammonia (NHs) 546 546 546
Total consumption (ML) Water (H,0) 970 970 970
Round-trip efficiency (%) Green ammonia plant 54.5 54.5 54.5
LCOE (USD/MWh) Solar PV 42.7 ; 49.1
Wind Turbine - 44.8 38.9
Average 42.7 44.8 39.9
LCOH (USD/kgH,) - 3.14 2.80 2.51
LCOA (USD/tNHj) _ 595 599 501

The levelized cost of electricity (LCOE) in USD/MWHW, is 42.7 for in the solar-based sce-
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nario and 44.8 in the wind-based scenario. In the hybrid scenario, the electricity generated
from wind turbines achieves a LCOE of 38.9 USD/MWh, while the solar PV generated
energy comes at a LCOE at 49.1. The combined LCOE in the hybrid scenario is the rela-
tive contribution of these two sources, and is equal to 41.4 USD/MWh. The levelized cost
of hydrogen (LCOH) decreases from 3.14 USD/kg in the solar scenario to 2.80 USD/kg in
the wind scenario, and further down to 2.51 USD/kg in the hybrid scenario.

The levelized cost of ammonia (LCOA) is lowest in the hybrid scenario with 501 USD /tonne,
compared to 595 USD/tonne in the solar scenario and 599 USD/tonne in the wind sce-
nario. To accompany the aforementioned values, figure has been included for a visual
representation of the LCOA. The total height of each bar represents the LCOA for each
scenario, where the stacked bars presents all cost contributing components to the overall
cost.

Breakdown of LCOA by System Component
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Figure 5.1: LCOA breakdown of all system components for each of the locations.

From the chart, it becomes that clear that the largest contributors to LCOA in the wind-
based scenario is the wind turbines, accounting for over half the cost with an LCOA of
303 USD/tNHs, followed by electrolyzers (105 USD/tNHjs ) and the hydrogen tank (115
USD/tNH3), which constitutes around 17% and 19% of the total LCOA, respectively. The
largest LCOA contributors for the PV-based scenario is the solar PV, with 295 USD /tNHj3
- almost half the total LCOA. Additionally, the electrolyzers makes up 183 USD/tNHjz
(about 31%), and the battery bank 57 USD/tNHj (around 10%) of the total LCOA. The
hybrid scenario has has its energy sources (solar PV and wind turbine), accounting for 284
USD/tNHgs, with a 1-9 ratio between the two components. Other major cost contributors
for the hybrid scenario are the electrolyzers (97 USD/tNHj3) and the hydrogen tank (65
USD/tNHgs), which makes up 19% and 13% of the total LCOA, respectively.

In all scenarios, it’s noteworthy that the batteries, ammonia synthesis unit, and air separa-
tion unit make minor cost contributions. The ammonia synthesis unit and air separation
unit together contribute only 37 USD/tNHj3 in any scenario (around 6% of the overall
system cost), underscoring their relatively minor role in the overall cost.
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5.4 Solar based system

The following figures is meant to give a visual overview of how the green ammonia plant
behaves during operation in the solar-based scenario. They provide insights into daily
mean and hourly variables, which illustrate how the various system components interact
and behave during the operation of the green ammonia plant. The system dynamics and
synergies are governed by the strategy for controlling power and hydrogen flows imple-
mented as part of the optimization algorithm, as described in chapter [3.7]

Energy and battery variables (hourly)
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Figure 5.3: Hourly power production, bat-
Figure 5.2: Daily mean power production tery input, and battery output over one
from solar PV (solar-based scenario). week (solar-based scenario).

Figure presents the daily mean power production from the solar PV, while Figure [5.3
shows the hourly power production, battery input, and battery output over a one-week
period.
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Figure 5.4: Daily mean hydrogen produc-  hydrogen into tank, and hydrogen out of
tion from the electrolyzers (solar-based sce-  tank over one week over one week (solar-

nario). based scenario).

Figure [5.4 and Figure [5.5 outline the daily mean and hourly hydrogen production, as well
as hydrogen storage activities over a week, respectively.
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Energy Storage Variables (daily mean) Energy Storage Variables (hourly)
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Figure 5.6: Daily mean state of charge of  Figure 5.7: Hourly state of charge of bat-
the battery bank and state of storage of the  tery bank and state of storage of hydrogen
hydrogen tank (solar-based scenario). tank over one week (solar-based scenario).

Lastly, Figure and Figure [5.7] provide a daily mean and hourly view of the energy
storage states of the battery bank and the hydrogen tank over a one-week duration. This
illustrates how the battery bank and hydrogen tank is continuously charged /discharged in
order to balance the energy and hydrogen mass flows throughout the year.
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5.5 Wind based system

The figures in this subsection provide a visual guide to the system behavior and dynamics

of the green ammonia plant operating under a wind-based scenario. By presenting both

daily mean and hourly variables, these figures illustrate the interplay between various

system components and their behavior during the plant’s operation.
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Figure 5.8: Daily mean power production
from wind turbines (wind-based scenario).
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Figure displays the daily mean power production from wind turbines, while Figure[5.9

provides an hourly view of power production, battery input, and battery output over a

one-week period.
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Figure 5.10: Daily mean hydrogen produc-
tion from the electrolyzers (wind-based sce-
nario).
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Figure 5.11: Hourly hydrogen production,
hydrogen into tank, and hydrogen out of
tank over one week (wind-based scenario).

Figure shows the daily mean hydrogen production from the electrolyzers, and Figure
showcases the hourly hydrogen production, along with the amounts of hydrogen input
and output from the hydrogen tank over a week.
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Energy Storage Variables (daily mean) Energy Storage Variables (hourly)
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Figure 5.12: Daily mean state of charge of  Figure 5.13: Hourly state of charge of bat-
the battery bank and state of storage of the  tery bank and state of storage of hydrogen
hydrogen tank (wind-based scenario). tank over one week (wind-based scenario).

Finally, Figure [5.12] and Figure [5.13] illustrate the daily mean and hourly state of charge
of the battery bank and the state of storage of the hydrogen tank, respectively, over a
one-week period. This illustrates how the battery bank and hydrogen tank is continuously
charged/discharged in order to balance the energy and hydrogen mass flows throughout
the year.
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5.6 Hybrid solar- and wind-based system

This section presents the behavior of the green ammonia plant in the hybrid scenario,
considering energy production from both solar PV and wind turbines. The following figures
displays daily mean and hourly variables to visually illustrate the operational dynamics
and the interplay among different components of the system.
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Figure 5.15: Hourly renewable power pro-
Figure 5.14: Daily mean power production  duction (combination of solar PV and wind
from solar PV and wind turbine (Hybrid  turbines), battery input, and battery out-
scenario). put over one week (Hybrid scenario).

Figure presents the daily mean power production from the solar PV and wind turbine,
while Figure[5.15|showcases the hourly renewable power production from the wind turbines
and solar PV combined, as well as battery input, and battery output over a one-week

period.
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Figure 5.17: Hourly hydrogen production,
Figure 5.16: Daily mean hydrogen pro-  hydrogen into tank, and hydrogen out of
duction from the electrolyzers (Hybrid sce-  tank over one week over one week (Hybrid
nario). scenario).

Figure and Figure display the daily mean (over one year) and hourly hydrogen
production, as well as hydrogen storage activities over a week, respectively.
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Energy Storage Variables (daily mean) Energy Storage Variables (hourly)
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Figure 5.18: Daily mean state of charge of  Figure 5.19: Hourly state of charge of bat-
the battery bank and state of storage of the  tery bank and state of storage of hydrogen
hydrogen tank (Hybrid scenario). tank over one week (Hybrid scenario).

Lastly, Figure [5.18] and Figure [5.19] provide a daily mean and hourly view of the energy
storage states of the battery bank and the hydrogen tank over a one-week duration in the
hybrid scenario. This illustrates how the battery bank and hydrogen tank is continuously
charged/discharged in order to balance the energy and hydrogen mass flows throughout
the year.
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6 Discussion

The subsequent section will engage in a discussion where the methodology and results are
assessed in relation to relevant theory. This evaluation aims to improve the understanding
of the conducted work by providing an overview of what has been done and by trying to
connect it all together.

6.1 Evaluation of the optimization framework

A natural way of initiating the discussion chapter would be to reiterate the first of two
research question attempted to be answered in this thesis.

RQ1: How can we construct and utilize a computational framework to optimize the pro-
duction of a green ammonia plant based on off-grid wind and/or solar energy at different
geographical locations?

There are, as one may imagine, several possible ways of doing this, but the general idea
is roughly the same; (i) find a way to mathematically represent each system component,
(ii) create an algorithm that accurately depicts the system behaviour for a wide range of
scenarios, (iii) determine the objective of the optimization and its constraints, and (iv)
implement it all into a programming language to run the simulation. These are the basics
of many optimization models, including the ones given by Tebibel (2021)) and |Al-Buraiki
and Al-Sharafi (2022), as mentioned in chapter

The same approach was used for the creation of the optimization framework in this thesis;
mathematical models were determined, and a strategy for controlling power and hydrogen
flows was created as a control strategy for simulation of the green ammonia plant to be
able to adjust to and handle the fluctuating energy input by the renewables. Addition-
ally, objective functions and constraints were determined according to the desired output.
Typically, the objective function is of economical, environmental or technical nature. If
the green ammonia plant is to become competitive and feasible for large scale industrial
implementation, its economics must be taken into consideration. As a result, the model
was set to achieve its point of optimum where the production cost is at its lowest, i.e., to
minimize the LCOA subject to various constraints (reliability of production, component

operational window constraints etc.)

In order to go from modelling to simulating and performing the actual optimization, an
optimization technique needed to be implemented. Out of the reviewed relevant literature,
Salmon and Banares-Alcantaral (2022) used linear programming to run the simulation and
optimize for the point of minimum LCOA. |Samy et al.| (2020)) used a non-linear heuristic
optimization approach, |Osman et al.| (2020) used a heuristic optimization approach, while
Arnaiz del Pozo and Cloete| (2022)) used an integrated modelling tool (SEA tool) in their
search for the optimal plant configuration. In this thesis, however, an iterative optimiza-
tion approach was used. Each of the aforementioned approaches serve the same purpose,
but have their different means of reaching the end goal.

The iterative approach can be thought of as a brute force-approach, where every solution
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is evaluated one-by-one in an iterative manner until the optimal solution is obtained. On
the other hand, the linear and non-linear approach aims to find the optimal solution in
an efficient manner by implementing a well-defined mathematical model for computation.
Meanwhile, the heuristic optimization employs educated guesses to minimize the search
area, thus decreasing the simulation run time by looking for ”good enough” solutions
rather than the optimal solution. The primary reasons behind our selection of the iterative
approach were its straightforwardness and ease of implementation.

The main drawback, however, and also the biggest drawback of the computational frame-
work, is its time consumption. While the iterative approach is able to handle a large
variety of scenarios, and is relatively easy to implement, the actual simulation/run time
is long. Depending on the scenario being simulated, the time needed to obtain the opti-
mal solution was be anywhere from 6-72 hours. For the purpose of this thesis, where the
main focus was to be able to create a flexible and precise optimization framework, time
consumption was not really an issue, and the iterative approach was deemed sufficient.
However, if time consumption per simulation would have been decreased, the amount of
simulations that could have been performed would have increased as well. Although the
results would have been the same, a decreased run time would facilitate the exploration
of a wider range of scenarios, where sensitivity analysis of how various parameters im-
pact the point of optimum could have been undertaken. This provides a potential area of
improvement, and a possibility of further work.

Constraints

In addition to the objective function, which is the goal of the optimization, the constraints
determine the boundaries, or the feasible region where the optimal solution must be found.
Having one without the other makes no sense, and their relationship can be compared to
a car driving on a road from Trondheim to Oslo. The objective function represents the
goal (reaching Oslo), and the constraints are represented by the road. Without following
the constraints (the road), not only could one end up taking an inefficient route, but one
might also face potential dangers.

One crucial constraint in this study is the total ammonia deficit (TAD). By using this
reliability measurement, we are able to quantify the operational window in which the op-
timization algorithm must to adhere to. As explained in chapter [3.6.4] the TAD represents
hours of non-production during a year of operation. Having a total TAD = 0 over the
course of the year, would mean that the green ammonia plant would produce at rated
capacity every hour of the year. Not only would it be unrealistic, because of the inter-
mittent and unpredictable renewables, but also because the system components require
shut down due to maintenance at some point during the year. In fact, the Haber-Bosch
synthesis unit has an average yearly down-time of 30 days (Goswami and Goyal, 2012).
For the purpose of this thesis, however, the total ammonia deficit constraint was sat to
120 hours, or 5 days.

The reason for the large discrepancy between our determined TAD and the averaged
real-life value, is to counteract the potential illusion of high accuracy caused by the likely
widespread distribution of down-time hours. Ideally, the 120 hours would be spread across
5 whole days. In reality, however, the system behaviour is completely different. Because of
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the unreliable and intermittent nature of the renewables, the 120 hours could potentially
be dispersed across 120 different days - with one hour of down-time each day, and not
over 5 consecutive days as desired. If ramping times is included, the system components
(especially the H-B and ASU) would need time to recover from being shut down, thus
the initial one hour of shut down could potentially mean that the system would be shut
down the entire day, depending on the ramping times of the components. This worst-case
scenario could potentially mean that the ammonia plant is shut down for 120 days, and
not 5 days as which was the initially idea when setting the TAD equal to 5 days.

From the simulations, however, we see that this is not the case. The individual hours of
non-production (represented by an ammonia deficit = 1 at each hour) is spread across
far less days than the worst-case scenario of 120 days for all the cases investigated in
this thesis, as illustrated in Appendix The hybrid scenario has its off-hours spread
across a total of 15 days, the solar-based scenario yielded 30 days, while the wind-based
scenario had its off-hours distributed across 16 days. These days correspond to periods
of low energy input over consecutive days, where the renewables could not supply energy
for electrolysis and ammonia synthesis, and the battery bank or hydrogen tank could not
maintain the system’s operation as they were drained, thus resulting in shut down. So,
despite the potential error and caused by neglecting ramp-up times, the TAD is still kept
within reasonable boundaries (compared to the average annual down time of 30 days) by
setting the initial TAD constraint to 120 hours, or 5 days. This means that by setting
the TAD equal to 5 days, we are able to spread out our days affected by down-time close
to the real-life average to 30 off-days per year, despite the the neglected ramping times.
This would not have been the case if we had sat the TAD to 30 days, as the would have
been the natural constraint. Doing this would have increased the widespread distribution
of down-time hours, potentially spanning over a large number of days. Thus making the
simulation less real-life like.

Flexibility

During the creation of the framework, there were several defining moments, and the de-
termination of the flexibility of the ammonia plant was one of them. As explained in
the introduction section, and also in chapter the Haber-Bosch is historically a non-
flexible unit dependant on constant mass and power input. However, as (Fasihi et al.,
2021), (Wang et al., 2023), and (Armijo and Philibert, 2020) suggests in their respective
research, it is possible to implement a flexible Haber-Bosch unit, capable of adjusting its
operation according to the available energy input from the intermittent renewables. De-
spite this, our project decided not to take it into account, and formed the optimization
framework based upon a non-flexible ammonia synthesis unit. This is in contrast to the
electrolyzers, who in fact are considered to be flexible units capable of producing hydrogen
at a wide range of input energy (20-120% operational range).

There are a few reasons as to why the electrolyzers were chosen to be flexible, and the
Haber-Bosch unit was not. In terms of implementation into the framework, there is not
much difference in incorporating the flexible electrolyzer and the flexible Haber-Bosch unit.
This could have been done by including an additional constraint determining the opera-
tional range of the unit and by doing some modifications to the strategy for controlling
power and hydrogen flows (SCPH) in terms of how the system behaviour reacts to various

64



energy input scenarios, much of the same way the flexible electrolyzer was handled. The
algorithm would have been a bit more complex, and the run time would have increased,
but implementing a flexible H-B would have been possible by minor adjustments of the
existing framework. However, seeing as the flexible H-B is more of a theoretically possi-
ble unit, rather than a commercially available industrial scale unit, it was decided not to
implement it.

Additionally, if future green ammonia production is to fully replace and exceed todays
conventional fossil-fuel based ammonia production, as discussed in the introduction chap-
ter, some (all) of todays existing plants must be modified to run on green hydrogen as
opposed to grey, black, or blue. By introducing a non-flexible ammonia plant-based frame-
work, we can utilize the framework to accurately model scenarios in which green ammonia
production can replace already existing conventional ammonia plants. By replacing the
grey /black hydrogen production and electricity chain with renewable based hydrogen pro-
duced from electrolysis, the ammonia synthesis units (H-B and ASU) can be reused for the
purpose of producing green ammonia. In fact, this is exactly what (YARA, 2021, 2022)
is currently doing at their location in Porsgrunn, Norway. By adding 450MW electrolyzer
capacity, the 500kt annual fossil-based ammonia production could be replaced by green
ammonia. As per 2023, 24MW is expected to be installed, thus initiating the transfer
from gray to green, and manifesting the possibility of fully replacing existing conventional
ammonia with green ammonia on site.

Potential sources of error

Even though the model and framework provide valuable insights in the production of green
ammonia (as will be discussed in the interpretation of the results section), it’s important
to acknowledge potential sources of errors, with the first one being the neglected ramp-up
and ramp-down times. In our framework, the electrolyzers and ammonia synthesis unit
(H-B and ASU) is assumed to have instantaneous ramp-up and ramp-down time, meaning
that the electrolyzers and ammonia synthesis is able to completely shut down at times
of low/no energy input, and vice versa during times of sufficient supply of energy (and
hydrogen in the case of the ammonia synthesis unit). In practise, however, this is not
the case. The PEM electrolyzer, being the most dynamic of the three (compared to the
alkaline and SOEC), has a fast dynamic response and is able to go from complete shut
down to nominal load in lest than 20 minutes, as per table The Haber-Bosch unit
on the other hand, has a slow dynamic response, and current technologies is limited to a
ramp up of 20%/h, thus requiring five hour to reach full capacity after having been shut
down (Verleysen et al. 2022). The Air separation unit is even slower, and is limited to a
ramp up time of 10%/h, or 10 hours to reach full capacity after shut down (Cheng et al.,
2022).

By neglecting these ramp-up/down times, we overestimate the actual production, and
reach higher efficiencies and productional values than what would be the case in a real-life
scenario. The electrolyzers are dynamic of nature, and would not lead to big fluctuations
in the results obtained from our simulations vs real-life. The ammonia synthesis unit (H-B
and ASU), on the other hand, might lead to potential errors in the results, meaning the
point of optimum obtained from simulations is shifted from its true point of optimum.
However, as discussed in the TAD section above, the number of days where the ammonia
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synthesis plant is shut down ranges from 15 to 30 days. Thus, the implications of not
including ramp-up and ramp-down times in the framework are considered non-critical, even
though the real life scenario would then have 15-30 days of non-production, as opposed to
5. Thus overestimating the actual production of ammonia.

Another potential source of error is caused by not including stack replacement costs in
our framework. Over time, the electrolyzer stacks degrade and requires replacement. For
the AWE and PEM electrolyzers, this is required after 80,000 hours of operation as given
in table or around 10 years of continous operation. With a plant lifetime of 30 years,
that would mean the electrolyzers would have to replace stacks two times throughout its
lifetime. However, as the results from the simulation shows, the electrolyzers does not
operate continuously throughout the year. Depending on the scenario evaluated (solar-
based, wind-based or hybrid), the electrolyzer capacity factor (CF) is between 37% and
70%. For the CF=37% scenario, obtained from the solar-based scenario, the stacks would
need replacement after 27 years, thus being able to operate for almost the entire lifespan
of the green ammonia plant without having to be replaced. For the hybrid scenario with
an electrolyzer capacity factor of 70%, it would need stack replacements after 13 years, or
around one time during the lifetime of the green ammonia plant. The wind-based scenario
has a capacity factor of 64%, meaning stack replacement would potentially be needed after
14.5 years, also around one time during the plant lifetime.

How would the inclusion of stack replacement cost affect the overall green ammonia plant
system cost? Well, stack replacement can be considered as a an additional capital expen-
diture, and makes up around 40% of the initial electrolyzer cost Taibi et al. (2020). If
we take a look at the hybrid scenario, where stack replacement is relevant (as opposed
to the solar-based scenario where stack replacement is considered not needed), the pre-
stack replacement cost scenario has an electrolyzer cost contribution of 18% of the overall
CAPEX. Including the stack replacement cost would have this increased to 23%, and yield
an increase in the total CAPEX for the entire green ammonia plant of around 7% (around
6% for the wind-based scenario). So, to summarize; stack replacement cost is only rele-
vant for the wind-based and hybrid scenarios. However, because the electrolyzers are not
the dominant CAPEX contributor, the cost of including stack replacement would only
increase the overall costs with 6-7% for the wind-based and hybrid scenarios. Although
not a substantial amount, it is still a source of error and a potential field for improvement.

6.2 Interpreting the results

To test the ability of the optimization framework, it was decided to conduct a case study
where three scenarios would be investigated and compared. The specific locations them-
selves were not the primary focus, rather it was important to choose three widespread
locations with inherently different weather resources at hand. By doing this, the frame-
works flexibility and capability would be tested. Additionally, we wanted to see how the
green ammonia plant system configuration changes with variable resources and restric-
tions. As a result, three different locations were chosen; a high solar irradiation case
(Tan-Tan in Morocco), a high wind speed case (Utsira in Norway), and a hybrid case
(Patagonia, Santa Cruz province in Argentina) with abundant both solar and wind re-
sources. These locations enabled us to evaluate different operational scenarios for green
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ammonia production: one powered solely by solar energy, one only by wind energy, and
one hybrid plant powered by both solar and wind energy. By assessing these scenarios,
we were not only able to evaluate the versatility of our optimization framework across
a range of conditions, but also able to gain valuable insights into the dynamics of green
ammonia production under varying renewable energy scenarios. Thus allowing us to eval-
uate the second research question of the thesis; RQ2: Is the production of green ammonia
techno-economical feasible? This will be discussed subsequently.

6.2.1 System behaviour, sizing, and performance

The productional target for the green ammonia plants investigated was to produce 1500
tonnes per day of green ammonia for a total for 360 days per year, equal to 540,000 tonnes
annually. In order to do so, the various plant scenarios had to be sized correctly. Before
delving into the system sizing results themselves, it can be useful to look into how the sys-
tem behaves during operation to better understand why the systems are sized the way they
are. The system behaviour is governed by the strategy for controlling power and hydrogen
flows, which is the heart of the optimization, as discussed in the framework evaluation.
Each scenario and the their related system behaviour will be discussed subsequently.

Solar-based system behaviour

The system behaviour during operation for the solar-based green ammonia plant is illus-
trated in the figures presented in chapter [5.4] To understand how the solar-based green
ammonia plant behaves during operation, we must first understand how the solar weather
resources behaves. Figure show how the solar energy is of a cyclic nature as it the
sun rises and sets each day. During sunlight hours, energy is generated and used to con-
vert water into hydrogen through electrolysis as well as to power the ammonia synthesis.
Additionally, during peak sunlight hours, the battery is charged, also shown in the afore-
mentioned figure. Conversely, during night time, when the sun is set and there is no
energy generated from the solar PV, the battery is drained in order to supply energy to
the ammonia synthesis to keep it going through the night and avoid shut down. The same
cyclic routine applies for the electrolyzers, as shown in Figure [5.5] During peak sunlight
hours where production is high, the electrolyzers produce enough hydrogen to supply di-
rectly towards ammonia synthesis and at the same time fill up the hydrogen tanks. The
tanks work together with the battery to supply hydrogen and energy for synthesis during
nighttime when the solar PV production is zero.

The cyclic nature of the sun is also affected by seasonality. For Tan-Tan, during winter
time (November-February), the solar PV production suffers from a decline in available solar
resources (around 19% capacity factor from October-January and around 24% the rest of
the year). As a result, the additional strain is put on the energy storage components
(battery and hydrogen tank) to keep the ammonia synthesis running. However, if the
energy supplied from solar is insufficient for longer periods of time, there will be a mismatch
in energy /hydrogen into battery and tank during daytime and out of battery and hydrogen
tank during nighttime, and the energy storage components ends up drained. Thus, the
system must shut down. This interplay is visualized in first in Figure [5.2] showing how
the energy produced from solar PV declines during the end of the year, before Figure
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shows how the energy storage variables are drained during the same time-period, and
lastly Figure in Appendix [B] illustrates when the system shuts down, shown by total
ammonia deficit, also during the same time-period.

To handle this complex and dynamic interplay as a result of the rising and setting of the
sun, a robust energy storage system is needed to maintain operation during nighttime.
This becomes increasingly important if the system is to be able to operate for 360 days
throughout the year, as restricted by the system constraints.

Wind-based system behaviour

Similarly to the solar-based system, the wind-based system behaviour is depicted in the
figures presented in chapter In contrast to the cyclic nature of the sunlight, wind
energy is of intermittent nature, with fluctuations over time. Although the wind energy
can vary greatly throughout the day, it has the ability to produce energy throughout the
entire day, in contrast to the solar energy which is only available at daylight hours. As a
result, the battery, which is used to supply energy to the ammonia synthesis unit (Haber-
Bosch and ASU) when the wind energy is insufficient, is not activated in the same way
as for the solar-based scenario. Figure shows how the energy supplied from the wind
turbines are intermittent, but not cyclic. More often than not, there is enough energy
generated by the wind turbines to supply the ammonia synthesis unit, which is far less
energy demanding than the electrolyzers (around 1/9th of the electrolyzer demand as seen
from Table as well as in Appendix . This means the need for battery to supply the
ammonia synthesis is not as prominent as what was the case for the cyclic solar-based
scenario. In fact, the battery capacity needed in the solar-based system is around 4 times
the installed battery capacity needed for the wind-based system.

For the hydrogen storage tanks, however, the story is quite different. Even though the
wind generated energy is often enough to power the ammonia synthesis unit, its time-
variable energy supply shown by Figure means that the wind turbines does not always
produce enough energy to surpass the electrolyzer minimum energy requirement threshold
(electrolyzer is able to operate down to 15% of the installed capacity), which for the wind-
based system is around 3 times higher (see Table than the energy demanded by the
ammonia synthesis unit (H-B 4+ ASU). The intermittent nature of wind energy means
the electrolyzers may go several hours (days) without the energy supplied being able to
overcome the electrolyzers threshold. Conversely, there are periods of hours or days with
extremely good wind conditions meaning the wind turbines operates at full or near full
capacity. During these hours, the electrolyzers will operate at full capacity. To cope with
these extremes, the hydrogen tanks must be large enough to be able to store the surplus
hydrogen during longer periods of good production and also supply hydrogen during longer
periods of non- or limited production. As a result, the hydrogen tanks are around 6 times
larger for the wind-based scenario than that of the solar-based scenario.

Although there are seasonal variations in the wind resource availability at Utsira, they
are not as prominent as the ones experienced in Tan-Tan, and periods of low/no wind
generation is spread a bit more evenly than what was the case for the solar-based Tan-Tan
scenario. April and November were the worst months in terms of overall wind turbine
capacity factor, with averages of around 40% as opposed to the annual average of around
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52%, while January and December had averaged capacity factors of around 68%. The
periods around late spring and early autumn were particularly demanding for the energy
storage system. During these times, the energy storage variables had to compensate more
heavily for the lower energy production to ensure continuous plant operation. Figure
visually demonstrates these periods, illustrating an increased reliance on the energy
storage components to cope with lower wind energy production. Especially the hydrogen
tanks were depleted, leading to an increased amount of hours with non-production/system

shut down as shown in Figure

While wind energy can potentially generate energy throughout the entire day, its inter-
mittent nature creates challenges that need to be addressed to ensure the uninterrupted
operation of a wind-based green ammonia plant. A large hydrogen storage system is es-
pecially important for the wind-based scenario, able to store excess hydrogen during high
production periods and to supply hydrogen during periods of non- or limited production.

Hybrid system behaviour

The hybrid system displays the best of both worlds, combining the strengths of solar- and
wind-based systems. By utilizing these synergistic benefits, the hybrid system achieves a
more stable continous flow and as a result also a higher reliability. The baseline energy
generation is determined by the wind generated energy, and the peaks are provided by
the solar PV. As for the wind-based scenario discussed above, the wind energy is time
variable, but with an average daily wind speed of 9.8 m/s, it exceeds the cut-in speed of
3 m/s. More often than not, the ammonia synthesis unit is entirely supplied by the wind
turbine at wind speeds equal to 3.7 m/s (this wind speed allows the turbine to generate
enough power to run the ammonia synthesis unit). The electrolyzers starts their hydrogen
production when the wind energy generation is equal to the minimum energy requirement
threshold (i.e., 15% of rated capacity). This occurs at wind speeds above 4.7 m/s, which
is enough to power the ammonia synthesis and at the same time operate the electrolyzers

at minimum load range.

As we can see based on the average wind-speed of 9.8 m/s, the wind turbine is typically
able to provide a continous base-line energy production that is able to provide energy
for the ammonia synthesis throughout the day, and also provide for the electrolyzers for
hydrogen production, although not at full capacity. The steady energy supply means
the need for batteries to act as energy buffers is not as prominent as for the solar-based
scenario, but more similar to the wind-based scenario. By adding solar energy to the mix
to complement the more steady, yet also time-variable wind-based energy, the total energy
supply becomes a mix of time-variable, but with a steady baseline provided from wind
energy, combined with cyclic peaks supplied by the added solar energy, as seen in Figure

0. 10l

The cyclic peaks are used for max production of hydrogen from the elctrolyzers, which
are partially used to supply the ammonia synthesis unit, but also for storage in the hy-
drogen tanks. From Figure we can see this process in motion. The cyclic peaks
and valleys caused by the addition of solar PV, means the hydrogen tanks are filled up
during daytime, and are depleted during nighttime to provide enough hydrogen flow to
the ammonia synthesis. The baseline energy supply is provided by the more stable nature
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of wind energy, but at times of higher wind speeds, wind energy also contribute to run the
electrolyzers at full capacity, adding to the already large requirement of hydrogen storage.

This baseline-wind-energy and cyclic-peak-solar-energy synergy determines the opera-
tional reliability of the green ammonia plant. Where the wind speed is relatively even
throughout the year, the solar irradiation shows seasonal variations as seen from Figure
and Especially during the summer months June and July displays limited solar
irradiance with average capacity factors around 9%, which is far lower than the annual
average of around 20%. This means the cyclic peaks are no longer there to provide hy-
drogen generation to supply both ammonia synthesis and tank. As a result, the tanks are
drained at a faster rate than they are filled as shown in Figure leading to system
shut down and loss of ammonia supply as shown in Figure [B.3]in these particular summer
months. It is during these summer months, the reliability of the system is truly tested,
and the need of correctly sized components becomes clear.

System sizing, energy distribution and performance comparison

To understand the implications of the different behaviour each scenario displays, we must
take a look at the system sizing and performance results from the optimization, presented
in Table and Table Each scenario is designed to meet the production demand
of 1500 tonnes ammonia per day. This results in equally large installed capacities across
all the scenarios for the air separation unit and ammonia synthesis unit (Haber-Bosch
+ syngas compressor), with installed capacities of 6.1 MW and 47.5 MW, respectively.
Additionally, the energy consumed is constant through all scenarios. This must be true if
the production demand of 1500 tpd ammonia is to be met. The total energy consumption
is 5.16 TWh across all scenarios, distributed between the ammonia synthesis unit (0.40
TWh), the air separation unit (0.06 TWh) and the electrolyzers (4.70 TWh).

In order to meet these energy demands, the energy generators (solar, wind or both) are
sized appropriately through the optimization framework. As described in the solar-based
system behaviour section above, all the energy and hydrogen needed for ammonia synthesis
in the solar-based scenario must be produced during the day (at sunlight hours), leading
to over-sizing of the Solar PV (3.25 GW) to ensure it can meet the demands. This also
results in a higher capacity for the electrolyzers (1.44 GW) to be able to handle the large
power peaks during daytime (2500 GW at peak sunlight hour), albeit at a low capacity
factor of only 37.3. The battery bank (1.34 GWh) is sized to be able to run the ammonia
plant for 30 hours of operation, while the hydrogen tank (0.34 ktHs) is sized to provide
an equivalent of 36 hours of coverage for hydrogen supply to the ammonia synthesis unit
when the solar energy is non-existent.

The wind- and hybrid based scenarios are a bit different. As discussed in the system
behaviour sections above, these scenarios are able to provide energy generation throughout
the whole day as the wind turbines operate at higher capacity factors, at 51.7% and 59.5%,
respectively. This results in less installed capacity for the wind turbines at 1.47 GW for
the wind-based scenario and 1.13 GW for the hybrid scenario, which are supported by
an additional 0.39 GW of solar PV. There are other requirements to the battery bank
and hydrogen tank for the wind-based- and hybrid scenarios compared to the solar-based.
As discussed in the last section, the wind-based and hybrid scenarios has stable baseline
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energy generation which supplies the ammonia synthesis at a reliable level. This allows
installed battery capacity of only 0.38 GW, which is almost 4 times less than for the
solar-based scenario. The 0.38 GW capacity is enough to provide energy enough to run
the ammonia plant for 6 hours, which according to the optimization algorithm is large
enough to ensure a reliable operation. The hydrogen tanks on the other hand, requires
large capacities for the wind-based and hybrid scenario, with a total installed capacity of
1.87 ktHy and 1.07 ktHa, respectively. This would be enough to supply hydrogen to the
ammonia synthesis unit for a total of 7 days and 4 days, respectively, at times when the
wind turbines and solar PV were entirely non-productive.

So, the solar-based scenario, due to its dependence on cyclic sunlight, requires significantly
larger system sizes (both in terms of energy production and storage) to be able to meet
the downstream energy and hydrogen demands. On the other hand, the wind-based and
hybrid scenarios, as a result of their more continuous energy generation profiles, require
smaller energy production capacities but larger hydrogen storage capacities to manage the
longer periods of low or zero renewable energy generation.

The hybrid scenario appears to offer the best balance between system size, energy dis-
tribution, and resilience. This is illustrated by the high electrolyzer capacity factor of
70.4% as opposed to 64% for the wind-based system and 37.4% for the solar-based. It
combines the benefits of continuous wind energy generation and peak solar power, leading
to lower installed capacities for both energy production and storage units, compared to
the solar- and wind-only scenarios. Additionally, having two energy sources increases the
reliability of the system, making it less vulnerable to periods of non-productive solar or
wind conditions.

Furthermore, the optimization algorithm also takes into consideration the issue of energy
curtailment. The curtailment occurs when the produced energy exceeds the system’s
instantaneous demand and the excess cannot be stored due to the limitations in storage
capacity. The solar scenario resulted in a total of 1.21 TWh (19% of overall energy
generation) of energy curtailed, the wind-based scenario curtailed 1.46 TWh (22%), while
the hybrid scenario curtailed 1.38 TWh (21%). The more energy curtailed, the less efficient
the system will be. Energy curtailed is effectively money lost, and a high percentage of
energy curtailment leads to substantial economical losses, and will increase the overall
LCOA. Ideally, the curtailed energy would be either minimized or sold. However, selling
it would require grid connectivity and availability, which is not considered in this thesis.
Not only is it not always available, as is the case for Patagonia (ref , but it is also an
additional expense that needs to be taken into consideration during the optimization.

In conclusion, the sizing of the system components, their energy distribution, as well as the
energy curtailment present a trade-off scenario in the design of renewable energy-powered
ammonia plants. All of these factors are taken into considerations as the framework
optimizes for energy efficiency and reliability, while minimizing energy curtailment in
order to limit the cost of production.
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6.2.2 System Economics

Another key factor of the results, and also directly linked with the system behaviour,
sizing, and performance, is the economical results. Going back to the objective function; to
minimize LCOA, we understand that the aforementioned parameters are indeed optimized
to give the lowest possible cost of ammonia (as well as keeping within the reliability
constraint amongst others, as previously mentioned). So, what is the capital investment
required to fund the off-grid green ammonia plant able to produce 1500 tonnes of ammonia
per day (540,000 tonnes annually)? For the solar-based scenario it is 3044 MUSD, for the
wind-based scenario it is 3198 MUSD, and for the hybrid scenario it is 2626 MUSD, as
shown in Table These are extreme numbers, and because they are so case-specific,
they do not tell us a whole lot other than the fact that there’s a lot of zeros involved
and that the hybrid scenario is the least expensive one, which is cohesive with what was
discussed in the previous section. In order to better understand and compare the costs,
evaluating the levelized cost of ammonia (LCOA) is a better alternative, as this gives us
the overall cost (CAPEX + OPEX) per tonne ammonia produced, i.e., a generalized cost
presentation.

Levelized cost evaluation

From the levelized cost breakdown presented in Figure [5.1] we see that the LCOA for
the three scenarios are as follows; solar-based scenario with LCOA of 595 USD/tNHs,
wind-based scenario with LCOA of 599 USD/tNHs, and the hybrid scenario with LCOA
of 501 USD/tNHs.

Almost half the cost contributor for the LCOA in the solar-based system comes from
solar PV, while 30% comes from the large electrolyzer installation. This is in line with
the analysis of the system behaviour previously discussed, where it was found that the
solar-based system is largely dependant on a high installed capacity of solar PV and
electrolyzers to counteract the cyclic behaviour of the sunlight, and be able to produce
hydrogen during daytime to also meet demands at night. Despite having a large battery
bank (1.24 GWh), its overall cost contribution is only about 10% due to the lower cost of
lithium-ion batteries.

For the wind-based system, with an LCOA of 595 USD/tNHs, half the cost comes from
investments and operational expenditure for the wind turbines, similar to what was the
case for solar PV relative cost contribution in the solar-based scenario. Additionally,
around 17% of the cost comes from the electrolyzers and 19% from the hydrogen tanks.
This is in agreement with what was discussed in the previous section, as energy is generated
throughout the whole day and the need for over-sizing the electrolyzers is not as prominent
as for the solar-based scenario. There is, however, a greater demand for a substantial
hydrogen storage tank meaning the relative cost contribution for the tank is greater than
for the solar-based scenario.

The hybrid scenario demonstrates its advantages when compared to the single-source
scenarios. The hybrid system makes use of the strengths of both solar and wind energy
sources, thereby reducing the periods of low energy production that are inevitable for the
single-source scenarios. This merge of solar and wind power gives a more constant energy
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supply, reducing the need for installed capacity of energy generators (wind turbines and
solar PV), as well as hydrogen buffer tank capacity. From a cost perspective, the hybrid
scenario is similar to the wind-based scenario in terms of relative cost contribution; around
50% of the cost comes from energy generation (90% from wind and 10% from solar), 19%
from electrolyzers, and 13% from hydrogen tanks. However, due to the synergistic benefits
between solar and wind energy, there’s a decrease in capacity installations for all of the
above-mentioned components, giving a lower capital expenditures, and, consequently, a

lower LCOA of 501 USD/tNHs.

When comparing the solar-based scenario to the wind-based scenario, the LCOAs are
relatively similar, despite the energy sources and energy storage requirements being quite
different. This is due to the cost structure of each scenario. It is worth noting that
although the installed capacity of solar PV in the solar-based scenario is more than twice
that of the installed wind turbine capacity in the wind-based scenario (3.25 GW installed
solar PV vs 1.47 GW installed wind turbine capacity in the solar-based and wind-based
scenarios, respectively), the cost of energy generation is about the same. This is due to the
fact that solar PV cost is only 475 USD/kW while the wind turbine is at 1150 USD/kW,
thus allowing for much more solar PV installation than wind turbine installation at the
end cost, as per Table

Another interesting remark, is the fact that the ammonia synthesis unit itself (air sepa-
ration, syngas compressor and Haber-Bosch unit) only makes up around 6% of the cost
contribution to the overall LCOA for all the scenarios, as well as only 8% of the overall
energy demand. Conversely, the electrolyzers makes up 17% - 30% of the cost contribution
to the LCOA, depending on the scenario, as well as a total of 90% of the overall energy
consumption for the entire green ammonia plant, as seen from Figure In other words,
the hydrogen production is the defining cost parameter for the green ammonia plant. Re-
ducing the cost of hydrogen, both the electrolyzer CAPEX and OPEX as well as the power
requirements, one directly reduce the overall cost of the green ammonia production. How
to reduce these cost will be discussed in a later part.

Comparing LCOE, LCOH and LCOA

In addition to the levelized cost of ammonia (LCOA), the levelized cost of electricity
(LCOE), and the levelized cost of hydrogen (LCOH), has also been calculated for the green
ammonia plant, all found in Table As we already know, the power generation and
hydrogen production are the key components of the green ammonia plant. By analysing the
LCOE and LCOH, and providing some real-life context, it allows for better understanding
of the green ammonia plants cost in its entirety.

The LCOE reflects the costs associated with the generation of electricity through the re-
newable sources, while the LCOH represents the subsequent cost of production of hydrogen
through electrolysis. The results from this thesis shows an LCOE of 42.7 USD/MWh, 44.8
USD/MWh, and 39.9 USD/MWh at the solar-based, wind-based and hybrid scenario, re-
spectively. When compared to global averages in 2020, the results from this thesis are
below the 57 USD/MWh global average for solar PV and are just slightly above the 39
USD/MWh global average for onshore wind, with offshore wind coming in at a consid-
erably higher average of 84 USD/MWh IRENA| (2021b). Thus indicating highly market
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competitive cost of electricity from the solar-based scenario in Tan-Tan, and relatively
average values in Utsira and Patagonia. One would initially assume, both Utsira and
Patagonia to display below-average costs, rather than average costs because of their abun-
dant weather resources. However, parameters chosen for this thesis’ particular calculations
such as CAPEX and OPEX values, discount rates, plant lifetimes etc. could all impact
the cost of electricity, and cause discrepancies towards real-life scenarios.

The differences in LCOE from renewables in this study, compared to the LCOE for in-
dustrial use (not households) in Europe in the first quarter of 2022, is noteworthy. The
recorded LCOE in Europe was around 200 USD/MWh, which is over four times the cost
of the renewable-generated LCOE in our different scenarios Eurostat| (2022)). As of 2021,
the European electricity mix was 40% fossil based, 25% nuclear and 35% renewable Eu-
rostat| (2023)). This indicates that generating electricity solely from renewable sources, as
demonstrated in the scenarios considered in this thesis, can potentially offer significant
economic value compared to the fossil-fuel based European grid in terms of LCOE.

When it comes to the hydrogen production cost, the solar-based scenario resulted in an
LCOH of 3.14 USD/kgHs, the wind-based scenario at 2.80 USD/kgHs and the hybrid
scenario at 2.51 USD/kgHy. These cost are dominated by the cost of renewable energy
generation, i.e., LCOE, as well as capital cost of the electrolyzers. According to [Inter-
national Energy Agency| (2021)), the average cost of producing hydrogen from renewables
today (2021) is around 3.5-7.5 USD /kgH,, with the prices expected to drop to to around
1.5-3.5 USD/kgH, in 2030 and 1-2.5 USD/kgHs in 2050. In contrast, hydrogen from nat-
ural gas is today around 1.5 USD/kgHy and natural gas with CCS (blue hydrogen) at
around 2 USD/kgHy IEA| (2022). From this, it is evident that the hydrogen production
in favorable renewable locations (ref Tan-Tan, Utsira, and Patagonia) is able to achieve
hydrogen prices similar to that of the 2030 estimated prices. Thus indicating that the
LCOH obtained from our studies are to be considered good as of 2023 standards.

Lastly, the attention is turned to the levelized cost of ammonia (LCOA) which is greatly
influenced by both the LCOE and the LCOH. As we’ve discussed, a decrease in the LCOE
leads to a decrease in the LCOH, which subsequently leads to a decrease in the LCOA. In
our study, the LCOA for the solar-based scenario was calculated to be 595 USD /tNH3, the
wind-based scenario at 599 USD/tNHj3 and the hybrid scenario at 501 USD/tNHs. This
is in range with other similar green ammonia projects, where the results typically show an
LCOA in the range of 447 - 750 USD/tNHs, as shown in Appendix [A]l It is also beneficial
to provide some context by comparing the LCOA with the prices of conventional fossil fuel-
based ammonia. Historically, these prices have ranged from 200-600 USD/tNHj Cesaro
et al.| (2021)); Fasihi et al. (2021)). However, in the face of recent disruptions such as the
Covid-19 pandemic and the Russian-Ukrainian war, these prices have surged significantly,
and reached 1200 USD/tNHj3 in 2021 U.S. Energy Information Administration (2022),
before dropping to 600 USD/tNHjs again the first quarter of 2023 Kim Chipman and
Elizabeth Elkin| (2023).

The primary reason for this surge is the increase in prices of natural gas and coal, which
have a direct correlation with the price of traditional ammonia production, as it provides
feedstock to the hydrogen production - essential to production of ammonia. However, the
production of green ammonia, only relies on renewable energy sources, and is not affected
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in the same manner. This major difference in price range underscores the instability of
fossil fuel-based ammonia prices, which are subject to fluctuation due to external fac-
tors. On the contrary, green ammonia demonstrates potential for economic stability and
competitiveness.

Our study’s calculated LCOA values, especially for the hybrid scenario, demonstrate the
economic viability and competitiveness of green ammonia production in the regions under
consideration, as they align with recent prices for conventional ammonia. Additionally,
the simulation emphasizes how reductions in LCOE and LCOH contribute significantly
to achieving competitive LCOA values, which will be important if the LCOA is to be
decreased even further.

6.3 Use of resources

The sustainable and efficient use of resources is an important part in the development
and implementation of any industrial process. For the production of green ammonia, it’s
important to also evaluate the impact of the process on resources such as land, water, and
materials. These factors are important to consider as they can influence the environmental
footprint, as well as the scalability of green ammonia production.

Land use

The land use, or land footprint of the green ammonia plant is critical when dealing with
large scale industrial installations. A 1500 tpd green ammonia plant needs extreme land
availability if implementation is to be considered feasible. The renewables are especially
resource-demanding in terms of land use, with wind turbines typically requiring around
150 km?/GW, while the solar PV usually requires around 20 km?/GW NREL (2016);
Obane et al. (2020). The direct land use of wind turbines are only a fraction of the given
number, however, in order to mitigate wake effects (turbulence, or reduced wind speed
downstream), the wind turbines must be spaced a part from one another. As a result, the
wind turbines requires more dedicated land area than the solar PV. Another interesting
fact regarding the solar PV is that the modules in theory could be placed anywhere, on
top of buildings, hovering over agricultural lands or parking lots, floating on water etc.
These synergies could potentially aid in the large scale implementation of solar PV.

The land use of the electrolyzers and battery storage systems on the other hand, are not as
widespread. Both come in modular installations and has the possibility of being installed
in multi-floor configurations within industrial buildings, exemplified by YARA’s 24 MW
modular PEM installation within an old factory building on-site YARA| (2022)). Table
shows the land use of the various components in each scenario investigated in this thesis.
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Table 6.1: Calculated land footprint for each scenario.

Description Solar-based Wind-based Hybrid-based
scenario scenario scenario
Solar PV (km?) 65 - 7.8
Wind Turbines (km?) - 221 170
Electrolyzers (km?) 0.0389 0.0227 0.0205
Batteries (km?) 0.0159 0.0045 0.0045
Total (km?) 65.1 221.1 177.9

In the solar-based scenario, the primary land use is for solar PV installations, requiring
approximately 65 km? of land area, or about the same size as Manhattan. Conversely, in
the wind-based scenario, wind turbines dominate the land use with about 221 km?, around
the size of the island Malta. The hybrid-based scenario uses both solar PV and wind
turbines, leading to a total land use of approximately 177.9 km?. The electrolyzers and
battery banks require significantly less land area, and the areas calculated and presented
in the table is a worst-case scenario where the installations are on a single plan, and not
multi-floor. In this thesis, the electrolyzer installation in the wind-based scenario would
take up around half a football field. However, installed on several floors the ground space
would be halved, or even three times less depending on the number of floors. The same
idea is valid for the battery storage system.

It is safe to say that GW scale renewable installations requires enormous land areas. This is
why location is key. Fortunately, the off-grid ammonia plants considered in this thesis can
be placed anywhere as long as the weather resources (wind speed and solar irradiation) is
abundant. That allows us them to be situated at suitable locations where there is enough
available land-area.

Water use

Water security should not be compromised and, therefore, desalinated sea water should be
used for gigawatt-scale ammonia plants in most locations. The annual water consumption
for production of hydrogen through electrolysis is 970 million liters. Put in perspective,
the annual water consumption of a Norwegian citizen is estimated to be 51,000 liter per
year, or 140 1/day Norsk Vann| (2021). This means that the annual water consumed by the
ammonia plant equals the annual water consumed by 19,000 Norwegian citizens, or enough
to fill 388 Olympic swimming pools. This amount of fresh water consumption may cause
problems, especially in areas were availability is already scarce, such as Tan-Tan, Morocco
(solar-based scenario). However desalination of seawater is a cheap and good alternative
to the scarce freshwater. This is also a possibility in the aforementioned location, which is
situated near the ocean. High quality and pure water can be obtained from desalination
at an estimated cost less than 1% of the electrolyzer costs Babarit et al. (2018]), meaning
that providing water for the large scale green ammonia plant is feasible at appropriate

76



locations, either with good freshwater resources, or close to seawater where desalination
can be implemented.

Material use

The materials used in the green ammonia process, particularly in the electrolyzers, are
an important consideration, especially in terms of potential shortages and the impact on
large-scale deployment. Proton Exchange Membrane (PEM) electrolysis relies on precious
metals such as platinum and iridium, as they are required for stable and efficient oper-
ation in the acidic membrane environment. The earth’s crust shortage of iridium (only
8.17 tonnes produced annually) is particularly important to consider, given the current
dependence on iridium as an electrocatalyst for PEM electrolyzers, where 1 GW of PEM
electrolyzer typically requires around 0.75 tonnes of iridium Erik Eikeng| (2022); TRENA
and AEA (2022).

From the results of the optimization in our study, the installed capacity of the electrolyzers
was found to be 1.44 GW, 0.84 GW, and 0.76 GW for the solar, wind, and hybrid scenarios
respectively (Table. With these installed capacities, the iridium requirements would be
approximately 1.08, 0.63, and 0.57 tonnes respectively, based on the current design of PEM
electrolyzers, which is up to 1/8th of the global annual suppl iridium supply. As a result,
material shortage is a real concern in the deployment of GW scale electrolyzers. This
could potentially be a bottleneck for large scale implementation of green ammonia plants.
Thus, a reduction in iridium amount in the electrolyzer is crucial. The best alternative as
of today - ruthenium, is also a critical raw material, but without the reserve limitations
that iridium suffers from. Nevertheless, further research on alternative materials must be
conducted if PEM electrolyzers is to be part of future large scale implementation Erik
Eikeng| (2022]).

On the other hand, alkaline electrolysis, which relies on more abundant materials like
nickel, and solid oxide electrolysis, which uses yttrium, do not currently face the same
material shortage issues. Thus, the choice of electrolysis technology as well as water source
can greatly impact the sustainability and scalability of renewable ammonia production
IRENA and AEA| (2022]).

6.4 Environmental impact

There is a substantial potential for reduction of CO2 emissions in a green ammonia plant
compared to a conventional fossil-fuel based ammonia plant. As presented in section
conventional natural gas-based (gray) ammonia production emits about 1.8 tonnes of COq
per tonne of ammonia. By contrast, green ammonia production can lower these emissions
to below 0.1 tonne CO2 per tonne of ammonia.

The green ammonia plant discussed in this thesis, has a production of 1500 tonnes am-
monia per day, or 540,000 tonnes per year. A conventional ammonia plant of this size
would emit 972,000 tonnes CO9 per year. By contrast, the green ammonia plant would
only emit around 54,000 tonnes COs9 per year. By replacing the conventional plant with
a green plant, one could potentially reduce emissions by 918,000 tonnes annually (95%
reduction), equivalent to removing around 200,000 cars off the road (an average car emits
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around 4.6 tonnes of COy per year |[US EPA| (2016))

In addition to the environmental benefit, the reduced emission may also provide economical
benefits in terms of reduction in carbon taxes. In the EU, carbon taxes are applied
with current levels around 75 USD/tNHs, but outside of EU they are typically much
lower, anywhere from 1 to 60 USD/tNHjs, and fluctuating IRENA and AEA! (2022)). With
the potential reduction in emissions mentioned above, this could save a green ammonia
plant over 68 MUSD in carbon taxes annually, compared to a conventional ammonia
plant. Should the taxes increase even further, it could facilitate the establishment of
green ammonia as not just an environmentally friendly alternative, but also as a more
economically competitive choice compared to conventional ammonia.

6.5 The future of green ammonia

The present and future of green ammonia are dependant on several key factors. As of
now, its economic competitiveness with conventional fossil-fuel based ammonia is hindered
by high cost of production. This is primarily due to production of hydrogen caused by
expensive electrolyzers as well as high power demands during electrolysis. If the green
ammonia production is to become competitive, these cost must be lowered.

In recent years, progress has been made on these fronts. The global installed electrolyzer
capacity was 0.3 GW in 2020, reached 2 GW by 2022, and will reach around 6 GW this
year (2023) TEA|(2023]). For reference, the installed electrolyzer capacity in the solar-based
scenario investigated in this thesis was 1.44 GW, almost equalling the total installed global
capacity in 2022. The electrolyzer manufacturing is also expanding, and has doubled from
last year (2022) to nearly 8GW per year (2023) International Renewable Energy Agency
(2022-09)). By this increasing rate, and by realisation of projects that have already been
announced, the total installed electrolyzer capacity can reach 240GW by 2030. This will
trigger economies of scale, and the electrolyzer manufacturing will see a decrease of cost,
thus decreasing the cost of installing electrolyzers.

Decreasing the cost of energy is also a key part. CAPEX of the renewables constitutes
nearly half the total CAPEX for the green ammonia plants. By reducing these costs, the
overall cost and LCOA would be lowered as well. Fortunately, renewable energy sources are
becoming more affordable. For instance, the cost of solar PV has seen a remarkable drop
over the past decade, making it an increasingly viable power source for green ammonia
plants. The trend of declining renewable energy costs is expected to continue, further
enhancing the feasibility of green ammonia production.

Carbon taxing, as mentioned before, can also help increase green ammonia competitiveness
by attributing a cost to CO2 emissions. This economic incentive drives industries towards
cleaner alternatives, and will be important if the conventional ammonia plants is to be
replaced by green plants. Additionally, flexibility in the Haber-Bosch (H-B) process can
also enhance the economic viability of renewable-based ammonia plants. By being able
to adapt to variable energy inputs, flexible H-B units reduce the need for large, expensive
energy storage solutions like batteries and hydrogen tanks. This can lead to significant
cost savings, making green ammonia plants more competitive.
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7 Conclusions

The purpose of this thesis has been to construct and utilize a computational framework
for optimal design of a green ammonia plant. This versatile tool can be applied to any
location in the world, and generate an optimal green ammonia plant solution on demand.
The computations are based of off-grid wind and/or solar energy in combination with
battery energy storage systems, as well as hydrogen buffer tanks. The inclusion of energy
and hydrogen storage is done in order to cope with the intermittent renewable energy
supply, and to provide reliable production of green ammonia. The framework further
facilitates the determination of the optimal sizing of all system components, ensuring a
reliable supply of ammonia at the most cost-effective point of operation.

The applicability of the framework was tested for production of 1500 tonnes of ammonia
per day at three different locations/scenarios; a solar-based scenario in Tan-Tan, Morocco,
a wind-based scenario in Utsira, Norway, and a hybrid scenario in Patagonia, Argentina.
These diverse locations demonstrated the framework’s adaptability to various renewable
energy profiles and its ability to generate optimal green ammonia production strategies
for any location. Additionally, it provided valuable insight into the techno-economical
feasibility of large scale green ammonia implementation.

From the results of the framework, in addition to a literature review, and an in-depth
background theory search, the techno-economical feasibility of the green ammonia plant
has been evaluated. From an economical point of view, the levelized cost of ammonia
(LCOA) is the defining cost parameter of the green ammonia plant. The LCOA obtained
from the study was valued at 595 USD/tNHj for the solar-based scenario, 599 USD/tNHj3
for the wind based scenario, and 501 USD/tNHjs for the hybrid scenario. The results are
in line with similar research done in the field, but are still higher than the historical price
point of conventional fossil-fuel based ammonia, priced around 200-600 USD/tNHj3.

Furthermore, the economical analysis provided valuable information regarding the required
capital investment (CAPEX), and the annual operational costs (OPEX) for each scenario.
The solar-based scenario requires a CAPEX of 3,044 MUSD and an OPEX of 67.7 MUSD,
and the wind-based scenario a CAPEX of 3,198 MUSD and an OPEX of 57.2 MUSD.
The hybrid scenario, on the other hand, resulted in a CAPEX of 2,626 MUSD and an
OPEX of 51.8 MUSD. These cost evaluations may provide meaningful information for
decision-makers and stakeholders in the green ammonia industry.

In conclusion, the computational framework developed in this thesis demonstrates the fea-
sibility of designing optimal green ammonia plants powered by renewable energy sources.
Its application to different geographic locations and at different scenarios underscores the
frameworks versatility. Additionally, the economic analyses performed contribute to use-
ful insights. While the costs associated with production of green ammonia are still higher
than conventional methods, the benefits of a carbon-neutral process make green ammonia
an increasingly attractive option for the future. Both the solar-based and wind-based
scenarios show competitiveness, but the hybrid scenario, utilizing the synergies between
solar and wind energy, sails ahead as a more stable and efficient solution, by reducing the
reliance on battery storage and hydrogen storage, and providing a more continous flow of
energy into the system.
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8 Further work

Based on the findings of this thesis, as well as what has been discussed and concluded,
some potential further work will be suggested here.

Integrate the flexible ammonia synthesis unit

The framework created in this thesis is based on a non-flexible ammonia synthesis unit
(Haber-Bosch + ASU) which is operated either continuously at full rate, or is shut down.
This is the conventional way, but recent research suggests that flexible units are possible.
By modifying the strategy for controlling power and hydrogen flows presented in the
methodology, a flexible ammonia synthesis unit could be implemented in the framework.

Include ramp-up and ramp-down times

Another aspect that should be addressed further is the inclusion of ramp-up and ramp-
down times. When simulating operation of the green ammonia plant, both the electrolyzers
and the ammonia synthesis unit should have ramp-up and ramp-down included. In the
current framework, however, this is neglected, and both components are assumed to have
instantaneous ramping times. This will necessarily overestimate the actual production
and efficiency of the system, and needs to be included for a more realistic simulation.

Consider stack replacement costs

As mentioned in the discussion part of the thesis, the framework does not include replace-
ment of electrolyzer stacks. The lifetime of the electrolyzers are typically much shorter
than the plant lifetime, and must be replaced at some point during the lifetime of the
plant. Including this, would mean additional costs, which would impact the assessment
of the optimal plant configuration. Further work should consider the inclusion of these
replacement costs to increase the accuracy of the model.

Perform sensitivity analysis

Additionally, a sensitivity analysis would provide valuable insights into how the green
ammonia plant is affected by adjusting various input variables. It would be interesting to
run the optimization model for various input parameters, such as different CAPEX values
for all system components or various levels of flexibility for the electrolyzers and ammonia
synthesis unit. Additionally, it would be beneficial to see how various amount of system
shutdown (TAD), or the reliability level, would impact cost as well as point of optimal
plant sizing. By allowing for more or less days of shut down would mean more or less need
for energy and hydrogen storage. Running these simulations would provide useful data.

Improve computational efficiency

The current framework utilizes an iterative optimization approach, which, while straight-
forward and easy to implement, can be time-consuming for large-scale simulations. Explor-
ing alternative optimization algorithms, such as linear programming, non-linear heuristic
optimization methods, or parallel computing could potentially reduce the computational
time and decrease the run-time of the optimization framework.
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A Appendix

Presentation of the various LCOA calculations obtained from literature study.

Table A.1: Comparison of LCOA across different scenarios and studies

Scenario/Study LCOA (USD/tNHs)
Hybrid scenario from this thesis 501
Solar-based scenario from this thesis 595
Wind-based scenario from this thesis 599
Morgan’s wind-based scenario® 447-942
Wang’s hybrid scenario® 530
Egerer’s hybrid scenario” 590
Arnaiz del Pozo’s hybrid scenarios® 569-772
Cesaro’s Solar-based scenario? 634
Armijo’s hybrid scenarios? 487-710
Wang’s solar-based scenario® 670
Osman’s solar-based scenario® 718
Nayak-Luke’s hybrid scenario” 720
Wang’s wind-based scenario® 750

!(Cesaro et al) [2021), *(Armijo and Philibert), [2020), *(Morgan et al} 2014), *(Bafiares et al. 2015)),
5(Wang et al., 2023), °(Osman et al. [2020), "(Nayak-Luke et all 2018), ®(Arnaiz del Pozo and Cloete,
[2022)), °(Egerer et al.l 2023,




B Appendix

Illustration of the hours during one year of production where the system is shut down for
all the scenario evaluated in the thesis.
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Figure B.1: Hourly total ammonia deficit of the Solar-based scenario
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Figure B.2: Hourly total ammonia deficit of the Wind-based scenario
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Figure B.3: Hourly total ammonia deficit of the hybrid scenario
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C Appendix

Illustration of the energy requirement breakdown for the power demanding components
in the green ammonia plant.
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Figure C.1: Energy requirement breakdown for the green ammonia plant
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D Appendix

The python script used to calculate hourly energy production from a 1 kW wind turbine
and a 1 kW solar PV. This is for scaling up during the optimization algorithm.

"h-Calculate energy production from solar PV and wind turbine """
import pandas as pd

# Read the irradiation and wind speed CSV files into a Pandas DataFrame
solar_df = pd.read_csv('G:/My Drive/Masters Project/Excel

— files/TEST_PV.csv', skiprows=10)

wind_df = pd.read_csv('G:/My Drive/Masters Project/Excel

— files/TEST_WT.csv', skiprows=2)

# Extract the solar irradtion data in column F (6th column, hence 5)
# from row 12 to row 8771. Also add all wvalues to a list
solar_irradiation = solar_df.iloc[0:8760, 5].tolist()

# Extract the ambiant atir temperature data in column H (8th column, hence
< 7) from row 12 to row 8771. Also add all wvalues to a list
ambient_temperature = solar_df.iloc[0:8760, 7].tolist()

# Extract the wind data in column F (6th column, hence 5) from row 4 to
- row 8767
wind_speed = wind_df.iloc[0:8765, 5].tolist()

# Define parameters for the PV system

Df = 0.9 # derating factor (decimal point)

G_ref = 1000 # reference irradiation (W)

NOCT = 44 # nominal cell operating temperatured (degC)

Kt = -3.7E-3 # 1/degC

P_rated = 1000 # rated installed capacity of PV module (W)
T_ref = 25 # reference cell temperature (degC)

eta = 0.24 # solar PV efficiency (decimal point)

# Define a function to calculate the PV output in kW for each timestep
def calculate_pv_output(solar_irradiation, ambient_temperature):

P_pv = P_rated * Df * (solar_irradiation / G_ref) * (1 + Kt *

< ((ambient_temperature - T_ref) / 5) * ((NOCT - 20) / 80))

return P_pv
# Calculate the PV output for each timestep using empty lists

pv_output = []
for i in range(len(solar_irradiation)):
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pv_output.append(calculate_pv_output(solar_irradiation[i],
< ambient_temperature[i]))

# Define parameters for the Wind Turbine system

P_rated = 1000 # rated installed capacity of wind turbine (W)
v_ci = 3 # cut in wind speed (m/s)

v_co = 25 # cut out wind speed (m/s

v_r = 12 # rated wind speed (m/s)

# Define a function to calculate the wind turbine output in kW for each
— timestep
def calculate_wt_output(wind_speed) :
if wind_speed <= v_ci or wind_speed >= v_co:
P_wt =0
elif v_ci < wind_speed < v_r:
P_wt = P_rated * ((wind_speed**3 - v_ci**3)/(v_r**3 - v_ci**3))
elif v_r <= wind_speed < v_co:
P_wt = P_rated
else:
P_wt
return P_wt

0

# Calculate the PV output for each timestep using empty lists

wt_output = []

for i in range(len(wind_speed)):
wt_output.append(calculate_wt_output (wind_speed[i]))

"rEnd of wind and solar pv production calculation """
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E Appendix

The script representing the optimization framework, or the iterative optimization code
used for calculations performed in this thesis. This script mimics the system behaviour of
a green ammonia plant.

""" Read input data from wind and solar pv production"""

# Read the pv and wind data CSV files into a Pandas DataFrame

solar_df = pd.read_csv("C:/Users/Bruker/Downloads/ninja_pv_patagonia.csv",
— skiprows=3)

wind_df =

— pd.read_csv("C:/Users/Bruker/Downloads/ninja_wind_patagonia.csv",

< skiprows=3)

# Eztract and list the hourly solar power from 1kWp data over 1 year
solar_power_lkwp = solar_df["electricity"].iloc[0:8760].values.tolist()

# Eztract and list the hourly wind power from 1kWp data over 1 year
wind_power_1lkwp = wind_df["electricity"].iloc[0:8765].values.tolist()

# Define stmulation time step and period in hours
dt = 1 # timestep (h)
t_sim = 8760 # period (h)

# Introduce TAD threshold to limit number of tterations
TAD_threshold = (24x5)
TAD_threshold_days = TAD_threshold/24

""" Define parameters and initial conditions """

# Define energy consumption parameters

e_elz_h2 = 49 # energy demand by electrolyzers (kWh/kgH2)

e_elz_nh3 = 8.71 # energy demand by electrolyzers (kiWh/kgNH3)

e_hb = 0.6 # energy demand for haber bosch unit for NH3 prod (kWh/kgNH3)
e_psa = 0.119 # energy demand for air separation unit for N2 prod

—  (kWh/kgNH2)

e_syngas_compression = 0.16 # energy demand for pre—-compression of syngas
o (kWh/kgNH3)

e_as = e_hb + e_psa + e_syngas_compression # energy demand for continuous
< ammonia synthesis (kWh/kgNH3)

h20_demand = 10 # 1 H20/kgH2

# Define initial conditions
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tonnes_nh3_prod_day = 1500

tonnes_nh3_prod_year = tonnes_nh3_prod_day * (365-TAD_threshold_days) #

— wyearly ammonia production (tonnesNH3/y)

tonnes_nh3_prod_year_real = tonnes_nh3_prod_day * (335)

kg_nh3_prod_year = tonnes_nh3_prod_year * 1000 # yearly ammonia production
<  (kgNH3/y)

kg_nh3_prod_hour = kg_nh3_prod_year * (1/8760) # hourly ammonia production
—  (kgNH3/h)
m_h2_asu_year

kg_nh3_prod_year * 0.1777 # yearly h2 demand for asu

o (kgH2/vy)
m_h2_asu_hour = kg_nh3_prod_hour * 0.1777 # hourly h2 demand for asu
—  (kgH2/h)
m_n2_asu_year = kg _nh3_prod_year * 0.8223 # yearly n2 demand for asu
o (kgH2/y)
m_n2_asu_hour = kg_nh3_prod_hour * 0.8223 # hourly n2 demand for asu
—  (kgH2/h)

p_hb_installed = kg_nh3_prod_hour * e_hb # installed haber-bosch cap (kW)
p_psa_installed = m_n2_asu_hour * e_psa # installed PSA cap (kW)
p_syngas_compression = kg_nh3_prod_hour * e_syngas_compression # installed
— cap of syngas compressor (kW)

p-asu_installed = p_hb_installed + p_psa_installed + p_syngas_compression
— # installed ammonia synthestis unit cap (kW)

p_elz_installed = m_h2_asu_hour * e_elz_h2 # theoretically minimum

— required installed electrolyzer capacity kW

p_total = p_elz_installed + p_asu_installed # kIWW (used for finding

< ranges)

" Adjust system component installed cap ranges based on annual NH3Z

— demand """

# Calculate dynamic step sizes based on demand
wt_step = max(p_total * 0.05, 0.05)

pv_step = max(p_total * 0.05, 0.05)
max(p_elz_installed * 0.03, 0.5)
max(p_asu_installed * 6, 0.5)

elz_step

bat_step
h2tank_step = max(m_h2_asu_hour * 12, 0.1)

# Adjust the ranges based on demand and dynamic step sizes

wt_min, wt_max = (p_total * 1.5), (p_total * 3)

pv_min, pv_max = (p_total * 0.1), (p_total * 0.6)

elz_min, elz_max = (p_elz_installed * 1), (p_elz_installed * 1.3)
bat_min, bat_max = (p_asu_installed), (p_asu_installed * (24))
h2tank_min, h2tank_max = (m_h2_asu_hour * (24%2)), (m_h2_asu_hour *
—  (24%6))

wt_range = np.arange(wt_min, wt_max + wt_step, wt_step)

pv_range = np.arange(pv_min, pv_max + pv_step, pv_step)
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elz_range = np.arange(elz_min, elz_max + elz_step, elz_step)
bat_range = np.arange(bat_min, bat_max + bat_step, bat_step)
h2tank_range = np.arange(h2tank_min, h2tank_max + h2tank_step,
< h2tank_step)

# Calculate dynamic step sizes based on demand
max(p_total * 0.025, 0.05)

pv_step = max(p_total * 0.025, 0.05)

elz_step = max(p_elz_installed * 0.03, 0.5)
bat_step = max(p_asu_installed * 6, 0.5)
h2tank_step = max(m_h2_asu_hour * 12, 0.1)

wt_step

# Adjust the ranges based on demand and dynamic step sizes

wt_min, wt_max = (p_total * 1.92), (p_total * 1.99)

pv_min, pv_max = (p_total * 0.64), (p_total * 0.78)

elz_min, elz_max = (p_elz_installed * 1.35), (p_elz_installed * 1.45)
bat_min, bat_max = (p_asu_installed), (p_asu_installed * (24))
h2tank_min, h2tank_max = (m_h2_asu_hour * (24)), (m_h2_asu_hour * (24%6))
wt_range = np.arange(wt_min, wt_max + wt_step, wt_step)

pv_range = np.arange(pv_min, pv_max + pv_step, pv_step)

elz_range = np.arange(elz_min, elz_max + elz_step, elz_step)

bat_range = np.arange(bat_min, bat_max + bat_step, bat_step)
h2tank_range = np.arange(h2tank_min, h2tank_max + h2tank_step,
< h2tank_step)

""" Define empty arrays and lists for storing simulation data """

# Define arrays to store system operation results found from iterations

p_wt = np.zeros(t_sim) # power produced by wt

p_pv = np.zeros(t_sim) # power produced by pv

p_re = np.zeros(t_sim) # total power produced (by wt and pv combined)
p_tot = np.zeros(t_sim) # total power available after asu has recievied
— input

c_h2tank = np.zeros(t_sim) # state of charge of h2 tank (kgH2)

c_bat = np.zeros(t_sim) # state of charge of batteries (kWh)

p_elz = np.zeros(t_sim) # power consumed by electrolyzers (kW)

p_bat_in = np.zeros(t_sim) # power charged from batteries (kW)

p_bat_out = np.zeros(t_sim) # power discharged by batteries (kW)

p_asu = np.zeros(t_sim) # power consusmed by ammonia synthesis unit (kW)
m_h2_elz = np.zeros(t_sim) # hydrogen produced by electrolyzers (kgH2/h)
m_h2_asu = np.zeros(t_sim) # hydrogen consumed by ammonia synthesis unit
«  (kgH2/h)

m_h2tank_in = np.zeros(t_sim) # hydrogen charged into h2 tanks (kgH2/h)
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m_h2tank_out = np.zeros(t_sim) # hydrogen discharged from h2 tanks
- (kgH2/h)
energy_curt = np.zeros(t_sim) # energy curtailed. t.e., excess prodcution

# Create empty list for storing simulation results
simulation_results = []

"h-Define functions to calculate CAPEX, OPEX and LCOA """

# Calculate CAPEX of system comp and give output as capexr array
def calculate_capex(wt, pv, elz, bat, h2tank, p_hb_installed,
— p_syngas_compression, p_psa_installed):
"miocalculates the capex for each system component based on the
system components installed capacity """

1150 * wt # USD

capex_pv = 475 * pv # USD

capex_bat = 250 * bat # USD

capex_elz = 610 * elz # USD

capex_h2tank = 400 * h2tank # USD

capex_asu = 2837 * (p_hb_installed + p_syngas_compression) # USD
capex_psa = 3490 * (p_psa_installed) # USD

capex_wt

capex = np.array([capex_wt, capex_pv, capex_bat, capex_elz,
< capex_h2tank, capex_asu, capex_psal)
return capex

def calculate_opex(capex):

""" calculates the opex for each system component based on the

capex array for each component """

opex_wt = 0.02 * capex[0] # 2) of CAPEX
opex_pv = 0.02 * capex[1] # 2) of CAPEX
opex_bat = 0.01 * capex[2] # 1/ of CAPEX
opex_elz = 0.03 * capex[3] # 3/ of CAPEX
opex_h2tank = 0 * capex[4] # 0/ of CAPEX
opex_asu = 0.05 * capex[5] # 5/ of CAPEX
opex_psa = 0.02 * capex[6] # 2/ of CAPEX

opex = np.array([opex_wt, opex_pv, opex_bat, opex_elz, opex_h2tank,
< opex_asu, opex_psal)
return opex

def calculate_lcoa(capex, opex, annual_ammonia_prod) :



""rocalculates LCOA for a system given capex and opex arrays for each
system component and annual ammonia prod"""

plant_lifetime = 30 # years

discount_rate = 0.075 # 10/ per year

# Calculate the annualized captital cost (ann_capez) for each
— component

ann_capex = (capex * (discount_rate * (1 +

< discount_rate)**plant_lifetime)) / ((1 +

— discount_rate)**plant_lifetime -1)

# Calculate the total annual cost (TAC) for each component
tac = ann_capex + opex

# Calculate the Levelized Cost of Ammonia (LCOA)
lcoa = np.sum(tac) / annual_ammonia_prod # USD/tonnelH3

return lcoa

"h-Define function to calculate elz comnstraints """

# Define a function to calculate the electrolyzer operational constraints
— based on the given capactty
def calculate_elz_constraints(elz):

p_elz_max = elz * 1.15

p_elz_min = elz * 0.15

return p_elz_max, p_elz_min

" Create vartiable to store configurations and lcoa """

# Create a vartable to store the system configuration with the lowest
— LCOA

min_lcoa = float('inf')

best_config = None

best_results = None

best_hourly_results = None

" Start the system simulations """

# Start the nested loop, iterative procedure to find the solutions and

— results
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for wt in wt_range:

- (kW)

# wt 1s the installed wt capacity for this sys config

for pv in pv_range: # pv %s the installed pv capacity (kW)

for elz in elz_range: # elz is the installed electrolyzer

s

capacity (kW)

# Calculate electrolyzer operational constraints

p_elz_max, p_elz_min = calculate_elz_constraints(elz)

for bat in bat_range: # bat is the installed bettery capacity

= (kW)

for h2tank in h2tank_range: # h2tank is the inst. h2tank

—

cap (kW)

# Reset simulation results and TAD for each system

— configuration

simulation_results = []

TAD = np.zeros(t_sim) # total ammonia deficit (decimal
< point)

total_TAD = O

# Definitions and operational constraints

bat # maxz battery capacity (kWh)
c_bat_min = 0.2 * bat # min battery capactity (kiWh)
c_h2tank_max = h2tank # maz h2 tank capacity (kgH2)
c_h2tank_min = 0 # min h2 tank capacity (kgH2)

c_bat_max

# Add a print statement here to track progress
print (f"Currently simulating: wt={wt}, pv={pv},
« elz={elz}, bat={bat}, h2tank={h2tank}")

for t in range(t_sim):
# Calculate power generated
p_wt[t] = wt * wind_power_1ikwp[t] # scaled up
< power output from wt (kW)
p_pv[t] = pv * solar_power_1lkwp[t] # scaled up
< power output from puv (kW)
p_relt] = p_wt[t] + p_pv[t] # total renewable
< power output (kW)
p_tot[t] = p_rel[t] - p_asu_installed # total
< power output after asu demands (kW)

# Set initial state of charge for battery and h2
- tank
if t ==

c_bat[t], c_h2tank[t] = c_bat_max,

— c_h2tank_max

else:
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c_bat[t], c_h2tank[t] = c_bat[t-1],
— c_h2tank[t-1]

# Case 1: not enough power to fully power asu (nor
o elz)
if p_tot[t] < 0:

power_deficit = abs(p_tot[t])

m_h2_deficit = m_h2_asu_hour

m_h2_elz[t], p_bat_in[t], p_elz[t],

— energy_curt[t], m_h2tank_in[t] = (0,) * 5

# Check <f battery has enough charge to cover
— the deficit
if (c_bat[t-1] - abs(power_deficit * dt)) >=
— c_bat_min and (c_h2tank[t-1] -
— (m_h2_deficit * dt)) >= c_h2tank_min:
p_bat_out[t] = abs(power_deficit) # Power
— supplied by batteries to cover
< renewable deficit (kW)
p_asult] = p_rel[t] + p_bat_out[t] # Power
— consumed by the asu (kW)
m_h2tank_out[t] = m_h2_deficit # H2 tank
— completely supplies H2 to asu
<~ (kgH2/h)
m_h2_asul[t] = m_h2tank_out[t] # asu demand
— completely supplied by H2 tank
o (kgH2/h)

else:
# Not enough battery charge - system shuts
— doun
p_asult], p_bat_out[t], m_h2tank_out[t],
< m_h2_asul[t] = (0,) * 4

# Case 2: Not enough excess power for h2 prod by
— elz, but enough to fully power asu
elif (0 <= p_tot[t]) and (p_tot[t] < p_elz_min):
power_available_for_bat = p_tot[t]
m_h2_deficit = m_h2_asu_hour
p_bat_out[t], p_elz[t], m_h2_elz[t],
— m_h2tank_in[t] = (0,) * 4

if(c_h2tank[t-1] >= (m_h2_deficit*dt)):

# Hydrogen tank supplies the ammonia

— demand
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m_h2tank_out[t] = m_h2_deficit
m_h2_asul[t] = m_h2tank_out[t]

# Excess power used to charge the

— batteries

p_bat_in[t] = min(power_available_for_bat,
— (c_bat_max - c_bat[t-1]) / dt)

# Power consumed by asu
p_asu[t] = p_asu_installed

# Set other outputs to zero
p_elz[t] = 0O

# Calculate energy curtatlment
energy_curt[t] = max(p_tot[t] - p_asult] -
< p_bat_in[t], 0)

else:
# Not enough hydrogen tank capacity.
— System shuts down.
# Set outputs to zero
p_asult], p_bat_in[t], m_h2_asu[t],
< m_h2tank_out[t], energy_curt[t] = (0,)

& *5

# Case 3: Enough power for electrolyzers (and
< asu), but not emough to charge battery
elif (p_elz_min <= p_tot[t]) and (p_tot[t] <=
< p_elz_max):

# Calculate the available space in the H2
— tank

available_h2tank_space = c_h2tank_max -
— c_h2tank[t-1]

# Calculate the demand for HZ2 production based
— on ASU demand and avatlable HZ2 tank space
h2_demand = m_h2_asu_hour +

— (available_h2tank_space * dt)

# The electrolyzers will produce enough H2 to

— cover the ASU demand and H2 tank demand,
— mnot exceeding mazxr capacity
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m_h2_elz[t] = min(h2_demand, (p_tot[t] /
— e_elz_h2), (p_elz_max / e_elz_h2))

# Power allocated to the electrolyzers
p_elz[t] = m_h2 elz[t] * (e_elz_h2 / dt)

# ASU 1s fully powered

p_asult] = p_asu_installed

# Calculate hydrogen deficit
m_h2_deficit = m_h2_asu_hour - m_h2_elz[t]

# Battery charges with excess power if tt's
— mnot fully charged
power_available_for_bat = max(0, p_tot[t] -
- p_elz[t])

p_bat_in[t] = min(power_available_for_bat,
— (c_bat_max - c_bat[t-1]) / dt)
p_bat_out[t] = 0

# Calculate energy curtailment after

— accounting for battery charging
energy_curt[t] = max(0, p_tot[t] - p_elz[t] -
< p_bat_in[t])

if (m_h2_elz[t] < m_h2_asu_hour) and

— (c_h2tank[t-1] >= m_h2_deficit):
# Electrolyzers and hydrogen tank supply
— hydrogen to ASU
m_h2tank_out[t] = m_h2_deficit
m_h2_asul[t] = m_h2tank_out[t] +
<~ m_h2_elz[t]
m_h2tank_in[t] = 0

elif (m_h2_elz[t] < m_h2_asu_hour) and

< (c_h2tank[t-1] < m_h2_deficit):
# Not enough H2 to support ASU operation:
— system shuts down.
m_h2_asult], m_h2tank out[t], p_asult] =
- (0,)%*3
m_h2tank_in[t] = min(m_h2_elz[t],
< available_h2tank_space)

elif m_h2_elz[t] == m_h2_asu_hour:

# All H2 from elz supply ASU demand. No H2
— from tank needed
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m_h2_asult] = m_h2_elz[t]
m_h2tank_out[t], m_h2tank_in[t]= (0,)*2

else:
# m_h2_elz[t] > m_h2_asu_hour
m_h2_asult] = m_h2_asu_hour
excess_h2 = m_h2_elz[t] - m_h2_asul[t]
m_h2tank_out[t] = O

if c_h2tank[t-1] < c_h2tank_max:
# Store the produced H2 in the H2 tank
— without exceeding its maximum
— capacity
m_h2tank_in[t] = min(excess_h2,
< available_h2tank_space)
energy_curt[t] = max((p_tot[t] -
— p_elz[t] - p_bat_in[t]), 0)

else:
# H2 tank is full, excess H2 1is
— curtailed
p_elz[t] = m_h2_asu_hour * (e_elz_h2 /
-~ dt)
m_h2_elz[t] = m_h2_asu_hour
energy_curt[t] = max((p_tot[t] -
— p_elz[t] - p_bat_in[t]), 0)
m_h2tank_in[t] = 0

# Case 4: surplus power that exceeds electrolyzer
— + ASU demands
else: # when p_tot[t] > p_elz_mazx

# Calculate the available space in the H2
- tank

available_h2tank_space = c_h2tank_max -
— c_h2tank[t-1]

# Calculate the demand for H2 production based
— on ASU demand and avatlable HZ2 tank space
h2_demand = m_h2_asu_hour +

« (available_h2tank_space * dt)

# The electrolyzers will produce enough HZ2 to

— cover the ASU demand and H2 tank demand,

— mnot exceeding mazxr capacity
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m_h2_elz[t] = min(h2_demand, (p_tot[t] /
— e_elz_h2), (p_elz_max / e_elz_h2))

# Power allocated to the electrolyzers
p_elz[t] = m_h2 elz[t] * (e_elz_h2 / dt)

# ASU 1s fully powered

p_asult] = p_asu_installed

# Calculate hydrogen deficit
m_h2_deficit = m_h2_asu_hour - m_h2_elz[t]

# Battery charges with excess power if tt's
— mnot fully charged
power_available_for_bat = max(0, p_tot[t] -
- p_elz[t])

p_bat_in[t] = min(power_available_for_bat,
— (c_bat_max - c_bat[t-1]) / dt)
p_bat_out[t] = 0

# Calculate energy curtailment after

— accounting for battery charging
energy_curt[t] = max(0, p_tot[t] - p_elz[t] -
< p_bat_in[t])

if (m_h2_elz[t] < m_h2_asu_hour) and

— (c_h2tank[t-1] >= m_h2_deficit):
# Electrolyzers and hydrogen tank supply
— hydrogen to ASU
m_h2tank_out[t] = m_h2_deficit
m_h2_asul[t] = m_h2tank_out[t] +
<~ m_h2_elz[t]
m_h2tank_in[t] = 0

elif (m_h2_elz[t] < m_h2_asu_hour) and

< (c_h2tank[t-1] < m_h2_deficit):
# Not enough H2 to support ASU operation:
— system shuts down.
m_h2_asult], m_h2tank out[t], p_asult] =
- (0,)%*3
m_h2tank_in[t] = min(m_h2_elz[t],
< available_h2tank_space)

elif m_h2_elz[t] == m_h2_asu_hour:

# All H2 from elz supply ASU demand. No H2
— from tank needed
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m_h2_asult] = m_h2_elz[t]
m_h2tank_out[t], m_h2tank_in[t] = (0,)*2

else:
# m_h2_elz[t] > m_h2_asu_hour
m_h2_asult] = m_h2_asu_hour
excess_h2 = m_h2_elz[t] - m_h2_asul[t]
m_h2tank_out[t] = 0

if c_h2tank[t-1] < c_h2tank_max:
# Store the produced HZ2 in the HZ2 tank
— without exceeding its maximum
— capacity
m_h2tank_in[t] = min(excess_h2,
< available_h2tank_space)
energy_curt[t] = max((p_tot[t] -
— p_elz[t] - p_bat_in[t]), 0)

else:
# H2 tank is full, excess HZ2 s
— curtailed
p_elz[t] = m_h2_asu_hour * e_elz_h2
m_h2_elz[t] = m_h2_asu_hour
energy_curt[t] = max((p_tot[t] -
— p_elz[t] - p_bat_in[t]), 0)
m_h2tank_in[t] = 0

# Calculate TAD for this hour
m_h2_diff = m_h2_asu_hour - (m_h2_elz[t] +
— m_h2tank_out[t])

# Implement TAD wvalue to list
if m_h2_diff > O:
TAD[t] = 1
else:
TAD[t]

1]
o

# Update state of charge for battery and h2tank
if t > O:
c_bat[t] = max(c_bat_min, c_bat[t-1] +
— p_bat_in[t] * dt - p_bat_out[t] * dt)
c_h2tank[t] = max(c_h2tank_min, (c_h2tank[t-1]
< + m_h2tank_in[t] * dt - m_h2tank_out[t] *
— dt))

# Append simulation resulis to list
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simulation_results.append({'p_wt': p_wt[t],

— 'p_pv': p_pvlt]l, 'p_re': p_rel[t], 'p_tot':

— p_tot[t], 'p_asu': p_asult],
'p_bat_in': p_bat_in[t],
— 'p_bat_out':
— p_bat_out[t], 'p_elz':
— p_elz[t],
'm_h2_elz': m_h2_elz[t],
< 'm_h2_asu': m_h2_asult],
— 'energy_curt':
— energy_curt[t],
'm_h2tank_in':
< m_h2tank_in[t],
— 'm_h2tank_out':
« m_h2tank_out[t],
'c_bat': c_bat[t],
— 'c_h2tank': c_h2tank[t],
— 'TAD': TAD[t]})

# This code block will store the final state of charge
— for c_bat and c_h2tank at t=8760

# and sum up the wvalues for all other wariables

— throughout the year.

yearly_simulation_results = {}

for var in simulation_results[0]:
if isinstance(simulation_results[0] [var], (float,
« int)):
if var in ['c_bat', 'c_h2tank']:
yearly_simulation_results[var] =
<« simulation_results[-1] [var] # Final
— state of charge at t=8760
elif var == 'TAD':
total_TAD = sum(res[var] for res in
< simulation_results)
yearly_simulation_results[var] = total_TAD
else:
yearly_value = sum(res[var] for res in
< simulation_results)
yearly_simulation_results[var] =
— yearly_value
else:
yearly_simulation_results[var] =
< simulation_results[0] [var]
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print(f"Currently total TAD = {total_TAD}")

if total_TAD <= TAD_threshold:
total_TAD = sum([result['TAD'] for result in
< simulation_results])

# Calculate TAD and check if i1t meets comstraints

if total_TAD <= TAD_threshold:
# Calculate capex and opex for this combination of
— system component capacities
capex = calculate_capex(wt, pv, elz, bat, h2tank,
— p_hb_installed, p_syngas_compression,
< p_psa_installed)
opex = (calculate_opex(capex))

# Calculate LCOA for this combination of system
— component capacities

lcoa = calculate_lcoa(capex, opex,

< tonnes_nh3_prod_year_real)

if lcoa < min_lcoa:
min_lcoa = lcoa
best_config = {'wt': wt, 'pv': pv, 'elz': elz,
'bat': bat, 'h2tank': h2tank}
best_results = yearly_simulation_results
best_hourly_results = simulation_results
else: # when TAD exceeds maxz limit, next iteration

continue

" End of the iterative optimization """
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