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Abstract

The majority of global ammonia production relies on non-renewable energy, as green
ammonia is substantially more expensive. However, the energy landscape is changing,
and countries like Denmark are expanding their capacity in renewable energy. Given this
increase in renewable capacity, demand for ammonia, and net-zero solutions, it is essential

to reduce the total cost of ammonia and increase its competitiveness.

The primary objective of this thesis is to study the feasibility of decreasing the overall cost
of ammonia in the established renewable market of Denmark. The ammonia production
configuration considered in this thesis consists of alkaline water electrolysis and Haber-
Bosch synthesis. We employed a multi-period, mixed integer optimisation model over the
three coming decades and adjusted key elements to see their effect on cost. The ammonia
system considered is grid-connected to the west Denmark electricity grid DK1 and utilise

historical NordPool data from the same electricity grid for our optimization model.

The findings indicates that savings of up to 1,5 percent are possible for ammonia production,
when utilising excess production capacity and the capabilities are improved to satisfy
annual demand. The savings occur as a result of more production during advantageous
time periods. However, excessive production capacity increases costs as a result of the
systems capabilities. Furthermore, we find intermediate hydrogen storage to not be
beneficial, except for long-term periods of extreme electricity price volatility with no
excess production capacity. Additionally, the alkaline electrolysis should be minimized
in relations to the appropriate excess production capacity of the Haber-Bosch synthesis

given its high degradation.

Keywords — Ammonia production, Power-to-X (PtX), Power-to-Ammonia (PtA),
Renewable Energy, Energy Carrier, Energy Transition, Alkaline Electrolysis, Haber-Bosch
Process (HB), Mixed Integer Linear Optimisation (MILP)
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Nomenclature

Acronyms
AFE Alkaline Electrolysis
AES Ammonia Energy Storage

AMPL A Mathematical Programming Language
ASU Air Separator Unit

CAPEX  Capital Expenditure

ccs Carbon Capture and Storage
DKK Danish Krone

ETS Emissions Trading System
EUR European Monetary Unit
GHG Green House Gasses

HB Haber-Bosch process

HHAV High Heating Value

LCOA Levelized cost of ammonia

LCOH Levelized Cost of Hydrogen
LHV Low Heating Value
MILP Multi-Period, Mixed-Integer Linear Programming

OPEX Operational Expenditure

PEM Polymer Electrolyte Membrane
PtA Power to Ammonia

PtH Power to Hydrogen

PtX Power to X / Power to Fuels

RE Renewable Energy
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USD American Dollar
WACC Weighted average cost of capital

Physics elements

COs Carbon dioxide

H,O Water in liquid state
Ny Nitrogen

NH; Ammonia

e Electron

H* Proton

H, Hydrogen

O, Oxygen

T Temperature (K)

Physical Quantity
GW Gigawatt
EW Kilowatt

kWh/kg  Kilowatt-hour per Kilogram

kW h Kilowatt-hour
MJ Mega-joule
MW Megawatt

MWh/kg Megawatt-hour per Kilogram
MWh Megawatt-hour

Wh/L Volumetric energy density
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1 Introduction

Annually, global energy consumption is increasing. In connection with this increase, we
observe a rise in global warming due to the use of non-renewable energy sources (Shiva
Kumar & Himabindu, 2019). To combat this development, nations are pushing regulations
towards non-polluting and low-carbon alternatives. This development can be observed on
a global scale. Offshore and onshore wind power are progressively being integrated into
the electricity grid, and in 2021 the world produced 273 TWh more electricity from wind,
a 17 percent increase from 2020 (IEA, 2022b). This is an essential step towards achieving
the Paris Agreement’s Net Zero Emission NZE by 2050.

With this renewable transition, new challenges and opportunities have emerged. One of
the prominent challenges with wind and solar is their high production volatility compared
to fossil fuels and hydro power. With this increased volatility, it is important to avoid
curtailment on the production side during periods where there is excess energy on the grid.
To counter this, large energy storage over a longer period is needed (Verleysen et al., 2021).
In accomplishing this, the production of clean hydrogen has been discovered to be an
important component, as it is the first step in the production of different alternative energy
carriers, like ammonia (Chehade et al., 2019). As ammonia has a higher volumetric energy
density ! and holds more hydrogen per molecule, it is more suitable for long term storage
and transportation. The value chain, from renewable energy(RE) to energy carriers like

ammonia, is known as Power-to-x (PtX) or power-to-fuels (Chehade et al., 2019).

1.1 Research Question

While ammonia is mainly used as a fertiliser in agriculture production, more use cases are
being explored. In the marine world, ammonia is considered one of the most promising
future fuels (Brinks & Chryssakis, 2022). Ammonia is further being tested as a carbon-free
alternative for airplanes as opposed to today’s jet fuel (Givens, 2022). With a high
potential as the future fuel for both deep sea shipping and long-haul aviation, ammonia is
becoming an increasingly important part of the net-zero future. Beyond its use case as a

fuel, ammonia is also considered as one of the most promising energy storage options for

! Ammonia has a volumetric energy density of 11.5 MJ/L over hydrogen’s 8.5 MJ/L. (Lan & Tao,
2014).
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long-term energy storage (Varney, 2017). Its capability to function as an energy storage
option to hinder curtailment of energy when the production is high (peak shaving), makes
it a crucial component in the increasingly volatile renewable energy ecosystems. Ammonia
is emerging as an important component as both an energy storage and energy carrier
option, and the International Energy Association IEA has further projected that ammonia

production will increase by nearly 110 percent by 2050 2 (IEA, 2021a).

With growing interest in ammonia and its increasing significance, the need to reduce
production costs is more relevant than ever. As of today, approximately 70 percent of
ammonia is produced using natural gas instead of renewable resources (IEA, 2021a). The
main driver for this development has been cost, as green ammonia is more expensive due
to its high electricity consumption. To reach ammonia’s net-zero-emission scenario by

2050, all ammonia needs to be produced in a sustainable manner (green ammonia).

Back in 2021, IEA published a report on ammonia in which they, among others, found a
realistic near-net-zero scenario for 2050. This scenario finds that 40 percent of ammonia
production will be based on electrolysis, with natural-gas-based CCS accounting for around
20 percent (IEA, 2021a). If this prediction proves accurate, the electricity demand to
produce green ammonia will increase considerably, making it essential to find ways to either
reduce energy consumption or cut energy costs associated with green ammonia production.
The transition to renewable energy will further require a more flexible ammonia production
to be resilient towards increased volatility from increased wind energy. Therefore, this
paper aims to analyse and research if employing a more flexible electrolysis, synthesis,
and utilization of the fluctuations on the energy grid can reduce the production cost of

amimonia.

How can an increase in the production flexibility of ammonia utilize energy price

fluctuations to reduce the levelized cost of ammonia?

The objective of this study is to test the hypothesis that the total levelized cost of
ammonia (LCOA) may be reduced through utilizing energy price fluctuations by increasing
the flexibility in the ammonia production process. Flexibility, in this context refers

to alterations in the production capacity of the production units and its production

2IEA’s Net Zero Emissions scenario (IEA, 2021a)
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capabilities. Additionally, this include an intermediate storage capacity of hydrogen. The
topic is studied using a mathematical linear optimization model, which determines the
minimized cost of ammonia. The model applies relevant data from scientific articles
and research. Additionally, it incorporates day-ahead data obtained from NordPool for
the ODE 2 region in Denmark, covering the period from 2015 to 2020. Using historical
day-ahead data, we forecast future pricing inside the Danish electrical system for the
subsequent three decades. Representative time series are further utilized in order to
decrease the computational resources needed. In accordance with the net-zero-emission
production pathway projected for 2050 (IEA, 2021a), we intend to utilize electrolysis-based
ammonia production as our method for hydrogen generation in the ammonia process. The
technology under consideration has had a resurgence in interest in recent years due to its
sustainability aspects. It is noteworthy that multiple projects with a total capacity of 3

metric tons (Mt), are anticipated to become operational by the year 2030 (IEA, 2021a).

1.2 Background

The Nordic countries have long been considered frontrunners in the field of renewable
energy. Presently, they are further expanding their capacity in renewables with the aim of
establishing a prominent position in Europe’s energy sector (Bjgrnflaten, 2022). According
to a report by Rystad Energy, Finland, Sweden, and Denmark has been identified as the
leading countries in the field of green energy (Bjornflaten, 2022).

Denmark was the leading country globally in the field of wind energy in 2021. Among
the IEA nations, Denmark had the greatest proportion of wind energy for both total
primary energy consumption and electricity production (IEA, 2021c). Despite their
position, Denmark continues to pursue ambitious development objectives. The nation
has set a target to achieve a 70 percent reduction in greenhouse gas emissions (GHG) by
the year 2030, relative to the emission level recorded in year 1990 (IEA, 2021c). This
will be achieved, in part, by implementing a ban on sales of petrol-powered vehicles and
the cessation of operations of all coal-fired power plants by the same year (IEA, 2021c¢).
Denmark aims to further increase its renewable energy sources in order to cover 50 percent

of the nation’s total energy consumption*. Lastly, Denmark has committed to the Paris

30dense, Southern Denmark Region, Denmark DK. code: ODE, Collected from NordPool PHP.
1Operating on 100 percent renewable electricity, 80 percent coming from wind power (IEA, 2021c).
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Agreement to achieve carbon neutrality by the year 2050 (IEA, 2021c).

In 2021, Denmark embarked on its most extensive industrial development in history °
(Energistyrelsen, 2021). The proposal involved the construction of an energy island in the
North Sea, with two offshore wind farms holding a combined capacity of 10 Gw (State of
Green, 2023). According to Pedersen (2021), Denmark is set to emerge as a major exporter

of green electricity to the entire Northern European with this and similar initiatives.

Denmark’s significant advancements in the field of renewable energy, along with its
strong political will to establish a future-oriented energy system and its unrelenting
commitment to meet its net-zero objective, position the country at the forefront of the
transition towards sustainable energy (IEA, 2021c). Their push to establish a sustainable
ecosystem, tackle obstacles, and innovate can all be observed in their development and
research in Power-to-X. In conjunction with bordering nations, Denmark is engaged in
the development and construction of an expanded energy infrastructure project referred
to as Power to X°® (Danish Ministry of Climate, Energy and Utilities, 2021). Power-to-X
(PtX) is an umbrella term for technologies that utilise power in the form of electricity
to produce fuels, materials, multiple types of energy carriers (e.g., power-to-ammonia
PtA, power-to-hydrogen PtH, power-to-fuel), and more (Eurowind Energy, n.d.). While
PtX possesses several applications, it plays a crucial and indispensable role in facilitating
the shift of industries towards sustainable energy sources. This is particularly relevant
in cases where electrification may be impractical or excessively costly. In Denmark’s
PtX system, the aim of the first stage is to produce green hydrogen through electrolysis
(Energistyrelsen, n.d.-b). Then further on, focusing on the production of ammonia PtA.
It has further implemented a PtX system characterised by a diverse array of offshore
installations encompassing, wind turbines, platform installations, energy islands, and an
interconnected network of cables and pipelines for the transmission of energy to both
Denmark and surrounding nations. Denmark is now progressing towards the complete
integration of renewable energy sources into its energy sector through the implementation

and interconnection of a novel energy system with the national grid.

For the purpose of this thesis, Denmark stood out as a prime case study with its unique

SEnergig Nordgst and Bornholm Energy Island, a 10 GW and 3 GW energy island of the coast of
Denmark. Bornholm has an estimated cost EUR 7.93 billion (State of Green, 2023).

6The EU Power-to-X ambitions includes the aim of installing 40 GW of renewable hydrogen electrolysis
by 2030 (Ministry of Foreign Affairs of Denmark, n.d.-a).
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renewable ecosystem. An ecosystem consisting to a high degree of wind energy, where
PtX solutions are already being implemented in the form of PtH (Energistyrelsen, n.d.-b).
Denmark’s deep engagement in this field, along with its strong political will and decisive
measures for continued development, positions it as a significant player in shaping the
trajectory towards a net-zero future. Denmark is one of the most promising markets for
exploring the potential of ammonia as an energy carrier and energy storage system for
future energy systems. Hence, we find it suitable to study the impacts of incorporating

renewable energy from the grid into green ammonia production.

With Denmark as a base for this thesis, we established a representative foundation for
further integration of a PtA system in a renewable energy ecosystem. This integration
seeks to provide a solution for a component in the net-zero future. The component of this

future that has been studied in this research is ammonia.

Ammonia is becoming an essential part of resolving long-term energy storage and the
net-zero fuel challenge (Varela et al., 2021). With a future based around green energy, we
need the ability to store and transport energy efficiently and safely. Hydrogen is today
viewed as an energy carrier option, but its chemical structure has many challenges. While
hydrogen has many applications, ammonia has the potential to revolutionise deep sea
shipping, marine transportation, and long-haul flights, among others. This as ammonia
has a superior energy density 7, is easier to transport, and has a lower cost of storage

(Lan & Tao, 2014).

In 2021 Strgmholm and Rolfsen (2021) published a research paper on the possibility of
utilizing the fluctuations in the Norwegian power grid to reduce the costs of producing
green hydrogen. This research found, among others, that it is challenging to capitalise
on electricity price fluctuations due to the cost of added production and the high cost
of increased hydrogen storage. Today, both green ammonia and green hydrogen struggle
with high cost, and both are important energy carriers for reaching a net-zero future.
With increased volatility in the power market, due to increased reliance on wind power
(Stromholm & Rolfsen, 2021), it is important to find ways to reduce this volatility. Utilising
it to bring down the cost of hydrogen and ammonia might be one solution. Since ammonia

has the lowest cost of storage, we want to investigate if the price fluctuations in a highly

"Ammonia has a volumetric energy density of 11.5 MJ/L over hydrogen’s 8.5 MJ/L. (Lan & Tao,
2014)
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wind-dependent market such as Denmark can help to decrease the total cost of ammonia.

Today, ammonia is mainly utilised in the production of fertilisers, accounting for 88
percent of total production (Pattabathhula & Richardson, 2016). While ammonia is a
crucial chemical element in the production of fertilizers, it has a vast variety of use cases
(e.g., working medium in heat pumps, energy vector, and more). Ammonia contains
17wt% hydrogen ® by weight, which can be used directly in fuel cells or extracted through
electro-oxidation or thermal decomposition (Cheddie, 2012). This makes ammonia a
highly capable energy carrier for hydrogen, as it contains three hydrogen atoms and one
nitrogen atom per molecule. In other words, ammonia contains more hydrogen atoms per
molecule than hydrogen itself. Hydrogen is further an explosive substance, that needs
a lower temperature and higher pressure than ammonia® when stored (Juangsa et al.,
2021)(Okonkwo et al., 2023). The high energy density of ammonia, its low explosion
hazard and less complicated storage management make it a viable energy vector for
hydrogen and an energy carrier for long-term storage and transportation. In essence,
ammonia is a preferable choice in situations where hydrogen storage or operations is

impractical, and where electrification is either too expensive or unfeasible.

Ammonia is increasingly becoming an attractive investment, and Denmark is currently
developing Europe’s largest green ammonia plant, HOST, with a capex of 1.4 billion
EUR (HOST PtX Esbjerg, n.d.). HOST PtX Esbjerg will be installed with a 1GW
electrolyser and deploy the conventional Haber-Bosh process (HOST PtX Esbjerg, n.d.).
The plant will produce green ammonia by 2028/29. The agriculture sector will utilise this
green ammonia in their fertiliser production, positively contributing to decarbonizing the
agriculture sector. Major shipping companies like DFDA and Maersk are looking into

green ammonia as a sustainable fuel for their vessels (HOST PtX Esbjerg, n.d.).

Ammonia will become increasingly relevant in the future, both as a stabiliser for the
renewable power market and as an energy carrier. Our objective is to research the feasibility

of cost-efficient production of green ammonia in order to enhance its competitiveness.

817wt% indicates that per kg NH3 there contains 17% Hy (Cheddie, 2012).

9Hydrogen needs higher pressure and lower temperature to gain satisfactory energy density, avoid
leakage due to its small atom size and avoid material embrittlement (Dawood et al., 2020)(Okonkwo
et al., 2023).
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1.3 Literature review

Considerable amount of research has been conducted on all components of the ammonia
production process. However, inside the field of ammonia production there is a greater
abundance of research pertaining to the hydrogen production part. Although in recent
years, there has been a significant surge in the number of academic papers focusing on
green ammonia. This development in research can be attributed to the growing significance

and interest in green ammonia as a relevant energy carrier and a net-zero component.

Armijo and Philibert (2020) have through their research paper "Flexible Production of
Green Hydrogen and Ammonia from Variable Solar and Wind Energy: Case Study of
Chile and Argentina”(Armijo & Philibert, 2020), studied the effects of implementing a
more flexible ammonia synthesis compared to what’s commercially available today. The
primary objective was to achieve cost reduction through the integration of solar and
wind power, while also prioritising the enhancement of ammonia synthesis flexibility. The
production process involved the integration of water electrolysis technology for hydrogen
and Haber-Bosh (HB) for the ammonia synthesis. They successfully achieved to decrease
costs by minimising their dependence on intermediate hydrogen storage as a means to
mitigate the fluctuations in renewable energy production. This research considers the
volatility in the quantity of renewable power available but does not directly consider the
electricity price fluctuations. The limitations of their work stem from the use of a given
wind and solar energy infrastructure, which intermittently relies on grid electricity for
start-up. This constraint imposes limitations on their ability to scale, since they are
obligated to store all energy generated during periods of high output. While this paper
may not have immediate relevance for Denmark’s future net-zero ecosystem, it is important
to highlight the enhanced flexibility included in the HB process, as it addresses one of the
big obstacles associated with this method. Given that this flexibility is not theoretically
implausible, it is crucial to examine the potential ramifications of this flexibility on the cost
of production. Finally, the study provides a comprehensive overview of the components

included in the production process of green ammonia (Armijo & Philibert, 2020).

Another study conducted by Stremholm and Rolfsen, 2021 looks at the possibility of
utilising a more flexible hydrogen production process in order to decrease the levelized cost

of hydrogen LCOH. This through the use of electricity price fluctuations in the Norwegian
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electricity market. This paper, while looking at hydrogen and using Norway as region,
has many relevant components as it uses electricity price fluctuations as the foundation.
The research findings show that, under some conditions, it is possible to achieve reduced
levelized cost of hydrogen (LCOH). However, due to the continued fixed demand for
hydrogen and the significant expenses associated with storing additional hydrogen, this
approach proved mostly unfeasible (Strgmholm & Rolfsen, 2021). Given the comparatively
low cost of storing ammonia and the use of a hydrogen buffer in the ammonia production
process, we find it relevant to investigate if the price fluctuations for ammonia production
holds financial significance. Based on our research, the objective of this paper is to
combine the concept of employing a more flexible HB ammonia production compared to
the commercially available option, while also optimising production in accordance with
the volatility of Denmark’s electricity grid. Furthermore, it is essential to assess if this

would result in a more economically feasible levelized cost of ammonia LCOA.

The literature reviewed in relation to this research consistently endorse or employs
the Haber-Bosch HB procedure for the NH3 synthesis, as it is widely recognised as
the prevailing method. Additionally, there are other conversion technologies available,
such as electrochemical, photochemical, and plasma. The electrochemical approach has
the potential to achieve a higher energy output compared to HB, but it is currently
characterised by significant underdevelopment (Juangsa et al., 2021). While the typical
configuration of the synthesis is designed for continuous mass production, research
published by Ikiheimo et al. (2018) states that reconfiguring the synthesis for dynamic
production does not appear out of reach. Armijo and Philibert (2020) went deeper into
this idea of a more flexible HB process. As further demonstrated through a R&D test
with 25 percent ramp-up within one minute of the HB (Armijo & Philibert, 2020). This
concept is still in the exploratory phase and in a small scale. Kuckshinrichs et al. (2017)

provided the formula that are commonly used when scaling chemical process facilities.

Data from Cesaro et al. (2021) have been the centre for the data gathering process as they
outline the important technical and economic factors of ammonia production, together
with Armijo and Philibert (2020), Ikidheimo et al., 2018, Verleysen et al. (2023) and
Verleysen et al. (2021). All these articles’ data have further been compared to other

articles in order to understand their validity. As a high number of data-points have been
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collected from research papers. For technical data relating to the different components
and their limitations Wang et al. (2023) and Ikdheimo et al. (2018) have provided a
comprehensive in-depth overview. For the electrolyser in the hydrogen production process,
Matute et al. (2019) have provided a comprehensive in-depth overview of the economic
data. The day ahead electricity prices data for Denmark DK1 have been collected directly
fromNord Pool, 2023 through their PHP server. The way this data is handled follows
Strgmholm and Rolfsen, 2021 approach to aggregate and sampling of the price data.
Cesaro et al. (2021) has through their comprehensive review identified the economic data
needed to analyse the cost of ammonia production. This article provides a thoroughly
indication of the energy level required for the different components within the ammonia
production process, along with financial data-points used in this thesis. Lastly, Cesaro
et al. (2021), Armijo and Philibert (2020), and Bose et al. (2022) has combined provided
the research base for the LCOA calculations.

The objective of this study is to examine if increased flexibility in ammonia production
could contribute to cost reduction, considering the fluctuations in the electricity market.
Many fundamental aspects of this paper builds on the research conducted by Armijo
and Philibert (2020) and Strgmholm and Rolfsen (2021). The flexible ammonia model
proposed by Armijo and Philibert (2020) served as a valuable reference in developing
the ammonia production model for our specific case-study. In addition to incorporating
insights from Armijo and Philibert (2020), supplementary data from several other research
papers was utilised. Building and expanding upon their research, we want to assess the
potential of using intermediate hydrogen storage as a component to alleviate costs opposed
to reducing its dependence. Given the presence of a reliable energy supply in our case,
the necessity for flexibility is comparatively lower in comparison to an off-grid alternative.
Hence our approach seeks to investigate if intermediate storage can mitigate the cost.
Their cost measure approach through LCOA is in line with our objectives and have been
utilised as a base for cost calculations. The mathematical model developed in this paper
is inspired by Strgmholm and Rolfsen (2021). Based on their approach this thesis builds
further and goes beyond the electrolyser and hydrogen. The model presented in this
paper widens the scope of the model to include the ASU and the HB. This facilitates for

understanding the biggest cost drivers and the reasoning behind them.
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1.4 Computer programs and thesis outlining

In the development of this thesis, we have utilised multiple computer applications. The
data and optimisation model presented in chapters 3 and 4 are implemented in AMPL (A
Mathematical Programming Language), an optimization software, and solved using the
Gurobi solver. The programming language for statistical analysis R was used to conduct

our analysis.

This thesis is outlined in the following manner. The second chapter provides a
comprehensive understanding of the various forms of hydrogen and ammonia production,
their production processes, as well as the advantages and drawbacks of the selected
technology. Chapter 3 provides an overview of the technical and financial data, including
NordPool elspot price data for Denmark west DK1. Lastly it states the cost of operation,
grid fees, and functional parameters. In chapter 4, the linear optimisation model is
expounded upon, and the objective function is presented. Chapter 5 investigates different
scenarios and their effect on the total production cost. It further analyse the different cost
drivers for ammonia production within the context of the Danish power system. Lastly, it
conducts a sensitivity analysis of the assumptions underlying the model and of the biggest
limitations of the thesis. Chapter 6 discuss the model limitations and factors beyond
the sensitivity analysis. It compares the results with comparative literature and presents

further research. Lastly, chapter 7 consists of the conclusion.
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2  Ammonia Production Process

This chapter covers the different theoretical elements of ammonia production and utilisation.
As the production of ammonia can be divided into three main steps, section 2.1 provides an
introductory overview of the entire ammonia production process. Section 2.2 articulates the
relevant theories behind hydrogen as the first stage in ammonia production. Additionally,
it provides a comprehensive overview of the various electrolysis technologies used for
hydrogen production. Section 2.3 elaborates on the air separator unit, with section 2.4
describing the theoretical aspects of ammonia production along with the most recent

advancements.

2.1 Ammonia Production: An Overview

Ammonia is ranked as the second most manufactured inorganic compound globally,
surpassed only by sulfuric acid (Econnect Energy, n.d.). This statement illustrates the
proportional magnitude of yearly worldwide ammonia production'®, with China, US,
Russia, India, and Indonesia accounting for around 60 percent of global output (Olabi
et al., 2023). Today the majority of ammonia is produced using fossil fuels, with China
being the biggest producer at 30 percent (IEA, 2021b). China mostly relies on coal-based
production (Ghavam Seyedehhoma & Peter, 2021) making them the biggest emitter at 45
percent globally (IEA, 2021a). With ammonia production worldwide accounting for more

than one percent of total global emissions yearly (Armijo & Philibert, 2020).

Given the need for green ammonia to satisfy current demand, reach net-zero production,
and adapt to future growth, it is important to explore approaches that ensure sustainable
green ammonia production. Hence, this paper focuses primarily on net-zero production
approaches for both hydrogen and ammonia. Hydrogen is an essential part of the
ammonia production, and it is therefore essential to include it when examining the
ammonia production process. The hydrogen production process is further associated with
having the largest energy consumption of all sections of the ammonia production process

(Verleysen et al., 2023).

10The production of ammonia globally in 2022 was calculated to be approximately 150 million metric
tons (Statista, 2023)
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The ammonia production process can be conceptualized as a three-step process, Figure
2.1. Where the first and second step is the production of hydrogen and nitrogen. The
merging of these two molecules in the third step, known as the ammonia synthesis, forms
ammonia. The flowchart in Figure 2.1 illustrates these three steps. In this process
hydrogen is produced through electrolysis, and nitrogen through the air separator unit
(ASU). Both components can be viewed as input factors for the ammonia synthesis. As
ammonia is comprised of hydrogen and nitrogen, hence its atomic symbol N Hs. Indicating
that ammonia is compound of one nitrogen (N) and three hydrogen (H) atoms. In the
production flowchart, Figure 2.1, the ASU is placed as a separate unit. Ordinarily the
ASU would be included in the ammonia production unit, with hydrogen being the only
additional process. The reasoning for excluding the ASU from the ammonia production

unit in this figure is to enhance the visualization of the ammonia production process.

A
Electricity Grid
Hydrogen
7 Production —_
\ Ammonia
Production
—_ /
NZ

N, N,

Nitrogen Storage

>

Figure 2.1: Ammonia production flow chart

The input factor hydrogen is made from splitting two water molecules (2H50) into one
oxygen (O3) and two hydrogen (2H5) molecules. This process takes place in the electrolysis,
entitled hydrogen production in Figure 2.1. For nitrogen, this is achieved through a process
where nitrogen is isolated from atmospheric air. This process happens in the air separator
unit (ASU). At this stage, the core components for ammonia production are introduced.
The ammonia synthesis begins after the hydrogen buffer and ends in storage, where
ammonia can either be stored or transported for use in other applications. Based on the
flowchart, sections 2.2 and 2.3 provide an overview of hydrogen and various production

methods. With sections 2.4 and 2.5 examining ammonia and its production process.
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2.2 Hydrogen production

The first step in the ammonia production process is the production of hydrogen. Hydrogen
is today one of the most promising sustainable fuels, as it is a non-polluting energy source
where its electron only forms water upon oxidation (Lubitz & Tumas, 2007). Hydrogen
(Hz) is the most prevalent element found in our universe. It is mostly found in water
and organic compounds (Dawood et al., 2020). Hydrogen has an energy density that
is two times that of other types of solid fuels (50 MJ/kg) at 140 MJ/kg (Shiva Kumar
& Himabindu, 2019), but has a low energy level relative to volume. Hs is the simplest
and lightest element, composed of only one proton and one electron with an atomic mass
of 1.00794 mass unit, making it highly flammable (Dawood et al., 2020). In 2021, the
global production of hydrogen was approximately 94 million tonnes (Mt Hy) (IEA, 2021b).
Although some of this was produced using green energy, the majority was produced using
fossil fuels and biomass. Natural gas was the primary fuel source, accounting for 62
percent of the total, followed by coal, which represented 19 percent (Tang et al., 2023).
There are three primary methods for producing hydrogen, illustrated in Figure 2.2. This
is either through biomasses, fossil fuels, or water electrolysis, or in combination (IEA,
2022a). In 2019 about 96 percent of all hydrogen production stems from non-renewable

sources (Shiva Kumar & Himabindu, 2019).

Hydrogen Production Methods

I I
|
| | |
Steam Reforming Partial Oxidation Autothermal Reforming

|
I I I

Alkaline Solid Oxide PEM

I
Biological Thermochemical

I | I |

Bio-photolysis Dark Fermentation Photo Fermentation

Figure 2.2: Overview of various hydrogen production approaches (Shiva Kumar &
Himabindu, 2019).
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This paper focuses on the production of hydrogen and ammonia derived from renewable
sources, as renewables are projected to dominate the Danish energy market in the
foreseeable future. There are a total of sixteen distinct methods for producing hydrogen as
of today, illustrated in Figure 2.2. We observe that a total of twelve of these are related to
renewable sources, with five utilizing water (also known as water splitting). These methods
that utilise water are categorised as green hydrogen. This implies that they are free from
COs emissions when water and hydrogen are separated in the electrolysis. Additionally,
the electricity utilised for this process is sourced from renewable energy sources such as
wind, solar, and hydro power (Green Hydrogen Webinars, n.d.). Electrolysis as a method

of water splitting, is the most used method for producing green ammonia (Dincer, 2012).

Water electrolysis as a method for hydrogen production is further essential for sustainable
PtH and PtA projects. It also serves as a key component in achieving net-zero (Verleysen
et al., 2021). Given that this thesis focuses on PtX development in Denmark, it will solely
focus on water electrolysis (a hydrogen production method under water splitting). The
water electrolysis process is predicted to be the most scalable and economically efficient
when powered by renewable energy sources (such as wind and solar in Denmark) in the

long term (Wang et al., 2023).

Water electrolysis (WE) is a method for producing hydrogen that provides a high
concentration of purified water and hydrogen at 99.99% (Shiva Kumar & Himabindu,
2019). The equation for this reaction is given by (Shiva Kumar & Himabindu, 2019):

1H,0 + Electricity(237.2kJmol ™) + Heat(48.6kj.mol ) — Hy + 1/20, (2.1)

According to the chemical formula, when two water molecules are subjected to a given
quantity of electricity in combination with a given temperature, they will react and form
two hydrogen atoms and one oxygen atom. In other words, the by-product from this
chemical reaction is pure oxygen. Using a fuel cell, the hydrogen atoms can be converted

into electrical energy. This application further exemplifies the versatility of hydrogen.
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2.2.1 Electrolysis technologies

There are two approaches that are widely used and regarded as feasible in the literature
of water splitting electrolysis. These two approaches are alkaline electrolysis (AE) and
polymer electrolyte membrane electrolysis (PEM) (Matute et al., 2019). The primary
distinction between these two technologies is the type of electrolyte utilised. While alkaline

use a liquid membrane, PEM uses a solid membrane (Matute et al., 2019).

Water electrolysis (WE) offers several benefits in comparison to other production methods.
Its most important benefits include outstanding cell efficiency and production purity, all
while maintaining a sustainable process (Verleysen et al., 2021). Although WE have many
apparent advantages, it is not the preferred choice for the majority of hydrogen production
facilities due to its comparatively higher cost when compared to other non-renewable

electrolysis technologies (Verleysen et al., 2021).

The following section provides an overview of the two approaches, PEM, and alkaline
electrolysis. As these technologies are both renewable if used together with renewable

energy, ref Figure 2.2, and commercially available on the market today.

2.2.1.1 Alkaline Electrolysis (AE)

Alkaline electrolysis (AE), also referred to as alkaline water electrolysis (AWE), is widely
regarded as the most mature and well-established technology for water electrolysis (Liu
et al., 2023). It is characterised by two electrodes immersed in a corrosive potash solution
serving as the alkaline electrolyte (Shiva Kumar & Himabindu, 2019). As illustrated
in the Figure 2.3, these electrodes are separated by a diaphragm. The process works
by initiating an electric current on the cathode. Incoming water molecules HyO react
with the cathode and split into two, two separate hydroxyl ions OH™ and one hydrogen
H, molecule (Shiva Kumar & Himabindu, 2019). The hydroxide ions (OH™) are then
transferred through the diaphragm (e.g., zirfon, asbestos, or microporous diaphragm) to
the anode by the electric difference V. Here the electrons separate from the OH™ and
it forms half an oxygen molecule (Oy) and one water molecule (HyO). At this point in
the process, the electrons return through the power unit to the positive terminal. The
diaphragm separates the Hy and the Os, and they are individually transported out of the
electrolysis (Shiva Kumar & Himabindu, 2019).
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Figure 2.3: Illustration of the Alkaline water electrolysis (Shiva Kumar & Himabindu,
2019).

Today alkaline water electrolysis is embedded in several renewable energy systems as a
method for storing energy. This as the technology is suitable for large-scale hydrogen
production due to its use of non-noble metals in the catalyst and moderate temperature
during production (Liu et al., 2023). Today the leading element for use in the catalyst
is nickel (Ni) (Liu et al., 2023). While this element is cost-effective compared to using
precious metals, it has been discovered that electrodes made of nickel degrades over time
and the surface area becomes less reactive (Liu et al., 2023). This implies that the cell
stack needs to be swapped more often to ensure a high degree of efficiency. While nickel
has some disadvantages, it offers thermal stability for the electrolysis, an exceptional
degree of conductivity, and a high degree of electrical properties (Angeles-Olvera et al.,

2022).

With the relatively poor efficiency of AE, researchers have been working on enhancing
it. According to Sgrensen and Spazzafumo (2018) one approach that is being tested is
a combination of increased temperature (above 1500 degrees), optimised design of the
electrodes and the catalyst (Sgrensen & Spazzafumo, 2018). There is also research being
done in developing an entirely different membrane named anion exchange membrane
(AEM) (Marini et al., 2012). This membrane is to be used instead of today’s diaphragm
and will make the system more compact (Marini et al., 2012). The membrane in the AEM
consists of polymers with a negatively charged ion (Shiva Kumar & Himabindu, 2019).
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2.2.1.2 Polymer electrolyte membrane electrolysis (PEM)

Polymer electrolyte membrane electrolysis (PEM) is a newer approach to produce hydrogen
through water electrolysis. It works by splitting water into hydrogen and oxygen, through
a process named electrochemical splitting (Shiva Kumar & Himabindu, 2019). The H,O
is transported to the anode, where it splits to protons H*, oxygen O, and electrons e~
through the use of electricity (Shiva Kumar & Himabindu, 2019). The protons H' are
transported through the membrane from the anode section to the cathode section of the
electrolysis. The electrons e™ at the anode passes via the power source (DC Power unit in
Figure 2.4) to the cathode. Electrons e~ from the power source react with protons at the
cathode, and hydrogen is produced (Shiva Kumar & Himabindu, 2019). The illustration

of this process is presented in Figure 2.4.
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Figure 2.4: Illustration of the PEM water electrolysis (Shiva Kumar & Himabindu,
2019).

The PEM technology was developed in the fifties and sixties to overcome the challenges
with Alkaline technology (Shiva Kumar & Himabindu, 2019). This makes PEM, relative
to other technologies, a newer approach to conduct water splitting electrolysis. Carmo
et al. (2013) did a comprehensive review of PEM water electrolysis. Their review found
that PEM with its use of a solid polymer membrane is able to utilise a thinner electrolyte,
resulting in a more compact design, higher capacity and current density (Carmo et al.,
2013). It can operate with a broad selection of electricity inputs due to its ability to hinder
gas transfer between the cathode and anode. This further provides the production of pure

hydrogen (Carmo et al., 2013). PEM is also suitable for use in volatile energy conditions,
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as it is able to execute quick responses and increase or decrease production rapidly.

While there are many notable positive aspects to the PEM technology, many of these
advantages also serves as its challenges. The operational setup of PEM provides a corrosive
environment, with high component costs due to its complex structure and the use of
precious metals (Shiva Kumar & Himabindu, 2019). The harsh environment inside the
electrolysis requires the use of distinct materials, which further increases the operational
cost compared to AE (Carmo et al., 2013). Since the invention of PEM there has been
little research done before the shift to this millennium, leaving its drawbacks unsolved.
The introduction of renewable energy resources has seen a spike in PEM research, as their
adaptability is an important aspect for renewable energy utilisation (Carmo et al., 2013).
As there have not been discovered methods to decrease costs related to PEM, the majority
of developers therefore build using the more known and less expensive alkaline technology.
If manufacturers are able to decrease the cost of PEM, it is likely that it will emerge as

the preferred choice.

2.2.2 Intermediate Hydrogen Storage

Due to the scope of this thesis, long-term hydrogen storage is not seen as relevant.
Therefore, this paper only focuses on intermediate hydrogen storage as a step in the
ammonia production process. The justification for the implementation of intermediate
storage between the hydrogen and the ammonia production process derives from the
difference in flexibility between them given today’s technology. Hydrogen production
can transition from full production to a complete stop in about half an hour, while the
HB uses a day or more to achieve the same, given the correct temperature (Armijo &
Philibert, 2020). Since the objective of this paper is to utilise energy price fluctuations,

the added flexibility of hydrogen production might have an impact on our results.

Hydrogen storage can be categorised into two groups, either material-based or physical-
based (EERE, n.d.). Physical-based hydrogen storage can further be divided into three
primary storage options, compressed gas (CH,), cold compressed, or liquid (LHs) (EERE,
n.d.). Frequently, large-scale ammonia production facilities with a constant output only
have a pipeline between the hydrogen and the ammonia production facility. With the

development of a remote renewable energy ecosystem, Armijo and Philibert (2020) find
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that buffer-based ammonia production with the use of steel tanks is suitable due to the
volatility of available energy (Armijo & Philibert, 2020). While such a buffer introduces
flexibility, it also adds challenges. Firstly, hydrogen, with its low molecular weight and
size, has the ability to leak through seals or materials, making it costly to store (Dawood
et al., 2020). Secondly, hydrogen holds the greatest energy density per unit mass, while
at the same time having some of the lowest volumetric density among all fuel sources
(Juangsa et al., 2021). This makes it challenging to store large quantities of hydrogen
in rationally sized spaces. Hence, compression or a low temperature is required to store
adequate amounts (EERE, n.d.). For the purpose of this thesis, we intend to use the same
pressurize steel tanks and associated costs as Armijo and Philibert (2020), as they are

mature and provides a high degree of flexibility to the solution.

2.3 Air Separator Unit (ASU)

Today, the only large-scale commercially available technology for use in air separator devices
is the cryogenic distillation (Ikdheimo et al., 2018). Although it possesses remarkable
thermodynamic properties, its complicated architecture makes it challenging to operate
(Fu & Gundersen, 2013). To gain a better understanding of the ASU, a simplified visual

flowchart is presented in Figure 2.5.

Air Air Air
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Figure 2.5: ASU flowchart (Gomez et al., 2020)

Air is gathered from the atmosphere, which mainly contains nitrogen (Ny), oxygen (O3)
and argon (AR)™(UCAR, n.d.). Then the air is compressed (which generates heat)
before it is cooled using a heat exchanger in the following step (Gomez et al., 2020).
The air continues to the first condenser, a High-Pressure Condenser, which performs the

first separation. In this condenser, only a portion of the air’s nitrogen is filtered out.

1 Air contains 78 percent nitrogen, 21 percent oxygen, 0.93 percent argon, and others constitute less
than 0.1 percent (carbon dioxide, neon, helium, methane, and more) (UCAR, n.d.).
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Therefore, the remaining air passes through the low-pressure condenser to extract more
of the nitrogen from the air. In this condenser, the majority of nitrogen is filtered out,
and the final product is >99 percent clean nitrogen (Gomez et al., 2020). Additionally,
filtered oxygen and argon are available for use in other applications if needed. After the
last filtering process, the gases stays cooled and depending on the application, reheating

might be appropriate for further use (Gomez et al., 2020).

2.4 Ammonia Synthesis

There is a broad selection of ammonia production methods available, as presented in Figure
2.6. The various technologies used for ammonia synthesis can be divided into four main
categories: thermochemical, electrochemical, photochemical, and plasma-assisted (Juangsa
et al., 2021). Although some of these technologies are still in the development phase, such
as various types of plasma-assisted processes, others are experiencing limitations in terms
of efficiency, like photocatalytic processes (Juangsa et al., 2021). This narrows the viable

technologies down to only including thermochemical and electrochemical production.

This thesis aims to study available ammonia synthesis technologies, therefore limiting
the research to thermochemical and electrochemical production. Given that these two
categories constitute all ammonia synthesis, with thermochemical and Haber-Bosch
accounting for more than 96 percent (Juangsa et al., 2021). Figure 2.6 provides an

overview of the different approaches to ammonia synthesis.

Ammonia Production Methods

Haber-Bosch Thermocyclic Low Temperature High Temperature

Liquid electrolyte

Figure 2.6: Overview of ammonia production approaches (Juangsa et al., 2021).

Based on the different production methods presented in Figure2.6, there are two types

of thermochemical and electrochemical production. Thermochemical production of
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NH; distinguishes between Haber-Bosch (HB) and thermocyclic, while electrochemical
distinguishes between high and low temperature NH; production (Juangsa et al., 2021).
In the following section the different electrochemical synthesis methods are to be
addressed, followed by the thermochemical HB process as this is the most widely chosen

thermochemical synthesis (Juangsa et al., 2021).

2.4.1 Electrochemical synthesis

Electrochemical NH3 synthesis is a process that is divided into high or low temperatures
based on the electrolyte that are utilised (Juangsa et al., 2021). This process is considered
a promising solution for the integration of renewable energy in the synthesis of NHjs, as
its energy consumption is low, requires no fossil fuel, and utilise water to obtain hydrogen

(Juangsa et al., 2021).

An electrochemical ammonia synthesis utilises many of the same processes as in earlier
studied hydrogen production. While it does not operate like an electrolysis in splitting
a compound, it uses many of the same components, like an electrolyte, a separator, a
cathode, and an anode with a separated electricity supplier. The complete flowchart with
an overview of the electrolysis is presented in Figure 2.7.
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Figure 2.7: Flowchart and electrolysis of electrochemical ammonia production (Juangsa
et al., 2021).

The electrochemical process presented in Figure 2.7 utilises pure hydrogen and nitrogen

produced externally through hydrogen production and nitrogen separation. These diatomic
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molecules'? are then transported to the electrochemical ammonia synthesis. Hydrogen
is led to the anode section of the unit, with nitrogen led to the cathode side (Juangsa
et al., 2021). When electricity is introduced, the reaction starts. Electrons e™ travels from
the anode side over to the cathode side of the synthesis through the power unit, while
the H* travels through the separator to the cathode side (Juangsa et al., 2021). At this
stage, H" and Ny react and form NHj at the cathode. After the reaction at the cathode,
all substances are led out of the unit and into the NH3 separator, which separates the
NHj from the unreacted nitrogen N, and hydrogen Hs. From this separator, ammonia is
transported out of the process, while hydrogen and nitrogen are led further to the gas
separator, which separates Hy from Ny. The separated diatomic molecules are transported

back into the electrochemical ammonia synthesis Figure 2.7.(Juangsa et al., 2021).

Electrochemical synthesis has been presented as an alternative to the thermochemical
process of Haber-Bosch (HB), and research finds that it is more energy-effective than
the HB process (Juangsa et al., 2021). While electrochemical synthesis has a lot of
potential, it is only regarded as a viable option under moderate conditions. The main
challenge with electrochemical synthesis is its durability, costly electrical system, and
operation as a result of elevated temperatures (Juangsa et al., 2021). Electrochemical
synthesis at high temperature has been proven to work with solid electrolytes, molten
salt electrolytes and composite membrane electrolytes (Juangsa et al., 2021). The low
temperature electrochemical production works in an integrated system with PEM, and
uses biological catalysts, heterogeneous catalysts, and homogeneous catalysts (Juangsa
et al., 2021). The low temperature electrochemical production removes the challenge with
high temperature, but its low temperature introduces new challenges and sets the stage for
a slow reaction which further results in a process with low energy efficiency (Juangsa et al.,
2021). The challenges with electrochemical ammonia synthesis can be compared to those
of PEM for hydrogen. Both technologies are innovative and cost-effective solutions but
are currently facing challenges that makes scaling them difficult, maintaining satisfactory

reliability, and uses costly components.

12 Any chemical compound consisting of just two atoms is a diatomic molecule, e.g., Ny (Stewart, n.d.).



2.4  Ammonia Synthesis 23

2.4.2 Haber-Bosch synthesis (HB)

Fritz Haber discovered, in 1908, how to produce ammonia using a catalyst (Flavell-While,
2010). This method has been known as the Haber-Bosch synthesis or process (Wang et al.,
2023). Although the production of ammonia can be achieved through several different
methods, the Haber-Bosch (HB) process is the most widely used method today. The
method is utilised in more than 96 percent of all global ammonia production (Juangsa
et al., 2021). Even though the process has been improved upon throughout the last
century, no fundamental changes has been made and the basic chemical formula have

stayed the same (Wang et al., 2023). The formula is presented in Formula 2.2.

The chemical formula points out that the HB process uses three hydrogen (Hs) and one
nitrogen (N3) atoms to produce two ammonia molecules (NHj3). This chemical process
takes place inside the reactor, where the atoms are converted from nitrogen and hydrogen
gases into ammonia (Verleysen et al., 2021). The HB process utilises pure hydrogen from
a separate hydrogen production facility (Section 2.2) and nitrogen collected from the air
through an air separator unit ASU (Section 2.3). These gases are fed into the HB process
through the feeders, and at this stage the HB process starts (Verleysen et al., 2021). The

entire HB synthesis process is illustrated in the flowchart presented in Figure 2.8.

Recycle
Compressor
- 2.5
Temperature control

r=- ———

Loop Heat Exchanger o

Compressor

Figure 2.8: Flowchart of the HB synthesis loop (Verleysen et al., 2021).
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The flowchart representing the HB process is a bit complicated, but the structure primarily
consists of four components: a compressor, a heat exchanger, a reactor, and a condenser

(Verleysen et al., 2021).

The HB process works in the following manner. Hydrogen and nitrogen are fed to the
compressor, where they are pressurised (normally 100-250 bar) before continuing to the
heat exchanger (Verleysen et al., 2021). On this path, the pressurised flow gets mixed
together with the recycled flow coming from the condenser. The heat exchanger works
by taking heat away from the outbound flow from the reactor and transferring this heat
to the inbound flow. This helps to reduce the need for expensive heating and cooling
systems, heats up the inlet flow, and evens out variations in the flow temperature. If
the temperature increase to above a given threshold (normally 400 °C), a bypass flow is
designed to decrease the inlet temperature (Verleysen et al., 2021). From this point, the
gases enter the reactor, where the exothermic reaction occurs. The outbound flow is a
combination of ammonia and unreacted Hy and Ny. From this, the gases goes oppositely
through the heat exchanger and get cooled down by the cooler inlet flow. In the condenser,
the gases are further cooled down (normally -20°C) and ammonia is extracted, while the

nitrogen and hydrogen are led back for recycling (Verleysen et al., 2021).

During a cold-start, the start-up heater heats the incoming flow, because the system lacks
the thermal energy present during steady-state (Verleysen et al., 2021). This makes for a
slow increase in production, as the heating process is time-consuming. However, when the
HB process is in a steady state, its ability to recycle the thermodynamic energy keeps
its operational cost down (Verleysen et al., 2021). It further enables the HB to sustain a
high production rate, as its thermocyclic process operates at a high temperature (Juangsa
et al., 2021). According to Juangsa et al. (2021) a HB process only converts around 15
percent in a single pass, which highlights the importance of operating with a recycling
flow to minimise waste and utilise the majority of the hydrogen and nitrogen inserted into
the process (Juangsa et al., 2021). Olabi et al. (2023) further states that green ammonia
production, when utilising both high-temperature and a heat recovery system, has an

efficiency of around 83 percent (Olabi et al., 2023).
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3 Data

This chapter presents and clarifies all the required data for evaluating how increased
flexibility in ammonia production can reduce costs. Section 3.1 begins by explaining how
levelized cost of ammonia (LCOA) is calculated, highlighting the relevant data for this
analysis. Technical and financial data for the production units are outlined in Section
3.2. The intermediate storage data are presented in section 3.3. Section 3.4 contains
the electricity price data retrieved from NordPool, and the data processing. Section 3.5

determines the weighted average cost of capital (WACC).

3.1 Levelized cost of ammonia

In order to investigate how an increase in the production flexibility of ammonia can exploit
energy price fluctuations, a clarification on how cost is measured is necessary. Levelized
cost of ammonia (LCOA) is more often used with the increased interest in green ammonia,
enabling comparisons between projects (Armijo & Philibert, 2020; Cesaro et al., 2021;
Nayak-Luke & Banares-Alcantara, 2020; Verleysen et al., 2023). LCOA sums up all the
discounted cash flow that is divided by the discounted quantity of ammonia (Cesaro et al.,

2021):

N  C4+0&M,
LCOA = =30 (3.1)
t=0 (14r)?
N  Economic lifetime of equipment t is the year between 0 and N
C, is the CAPEX O&M,; operational and maintenance
A; quantity ammonia produced r is discount rate

In addition to comparison reasons, LCOA indicates the relevant data for the analysis.
These include the cost aspects of production units and intermediate storage, along with

their economic life, the production capabilities, and the discount rate (Cesaro et al., 2021).

3.2 Production Units

From LCOA, relevant data about the AE, ASU, and HB, labelled production units, will

be provided. First, the economic lifetime of the system will be presented, along with the
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ratio of production capacity for each of the production units. Then the technical and

economic features of production units will be described.
3.2.1 Lifetime

Through an extensive review, Armijo and Philibert (2020) stated the expected economic

lifetime of ammonia production system to be 30 years and will be the basis for the analysis.
3.2.2 Process mediums

In order to facilitate ammonia production, adequate hydrogen and nitrogen supply is
necessary, as highlighted in Section 2.1. Understanding the proportion hydrogen and
nitrogen constitute of ammonia is therefore necessary to understand the different capacity
ratios. The label process medium(s) is provided as common term for ammonia, nitrogen,

and hydrogen to improve reading flow throughout.

In one tonne of ammonia, approximately 177 kg of its weight can be contributed to hydrogen
and 823 kg to nitrogen.(Rivarolo et al., 2019) (Thomas & Parks, 2006). Theoretically,
under low temperatures and high pressure, the conversion rate of the process mediums to
ammonia can be close to 100 percent (Humphreys et al., 2021). However, these conditions
are not economically viable due to their slow production rate. To improve the production
rate, the HB operates at a higher temperature (Humphreys et al., 2021). At 330-550° C
and 150-330 bars of pressure, the reaction rates '* of hydrogen and nitrogen are 15-25
percent, as highlighted by Wang et al. (2023). Humphreys et al. (2021) stated a reaction
rate of 10 to 15 percent at 425-450 © C and pressure above 101 bar. However, these values
are for a single pass through the HB and not the total conversion rate. The non-reacted
process mediums are either recycled or purged. A portion of the process mediums are
purged to avoid the accumulation of inert gases (Verleysen et al., 2021). The purged
rate is approximately 4 percent of the total hydrogen and nitrogen supplied to the HB,
resulting in a total cycle conversion rate of 96 percent (Verleysen et al., 2021). Similarly,
Fuanez Guerra et al. (2020) and Nosherwani and Neto (2021) stated a 97 percent and
98 percent total cycle conversion rate, respectively. In the context of this thesis, a total

conversion rate of 97 percent is chosen.

13The reaction rate is the rate at which nitrogen and hydrogen get converted to ammonia (Wang et al.,
2023).
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3.2.3 States of Operation

Given the purpose of this thesis, an examination of the production units states of operations
and their limitations are necessary. This subsection is divided into three parts, one for

each of the production units.

Alkaline Electrolyser
The first production unit to be explored is the AE. Verleysen et al. (2023) stated that

approximately 92 percent of the total energy required to produce green ammonia stems
from the production of hydrogen. In literature, different rates are given to produce one
kilogram of hydrogen. Yates et al. (2020) declared an energy consumption of approximately
54 kWh /kg, while Matute et al. (2019) estimated 50 kWh/kg by 2025. Similarly, Buttler
and Spliethoff (2018) stated that the energy consumption would be 50 kWh/kg by 2023.
Hence, 50 kWh /kg is selected to produce hydrogen.

Alternatively, the AE can be put in standby mode, where it is neither producing nor
idle (Varela et al., 2021). It takes approximately 20 minutes for the AE to resume
production(Varela et al., 2021). This state can be advantageous in certain scenarios;
however, it does consume energy. For the multi-MW AEs analysed in this thesis, it is

estimated to be 2 percent of their total energy (Matute et al., 2019).

Lastly, the AE can be in an idle state. This state does not consume any energy as there
is no production. A restart to make the AE able to produce again would take 30-60
minutes (Varela et al., 2021). The state of restarting a unit from an idle state is referred
to as cold start in this thesis. In the literature, it is less focus on the energy consumption
required for a cold start. However, 250 kWh per tonne of daily hydrogen production have
been utilised (Strgmholm & Rolfsen, 2021). This makes it approximately six times more

energy-demanding than one hour of standby mode.

Air Separator Unit
The energy requirement for the ASU is significantly lower compared to the AE. The ASU

accounts for approximately 2 percent of the total energy in green ammonia production
(Verleysen et al., 2023). Nonetheless, to reflect the features of green ammonia production
most accurately, the energy requirement for production will be provided. Depending on

the variations, the energy consumption ranges between 0,12 and 0,35 kWh /kg nitrogen

14 Calculated based on numbers provided by Tafone et al. (2018)
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(Cesaro et al., 2021; Tafone et al., 2018). However, 0,2 kWh/kg will be utilised for this

thesis.

Basan et al. (2020) demonstrated cost savings potentials using standby mode of the ASU
during volatile electricity pricing. Similarly, to the AE, a two percent rate of the nominal

size of the ASU is utilised.

In contrast to the AE, the ASU must be idle considerably longer to restart production.
In order to reach product purity, it can range from a few hours to several days. However,

a 10-hour interval indicates to be reasonable (Miller et al., 2008; Quarshie et al., 2023).

Haber-Bosch
Having examined the state of operation of both AE and ASU, comparable steps for HB

will be carried out. Similarly to the ASU, the HB consumes significantly less energy
than the AE. It accounts for approximately six percent of the energy in green ammonia
production (Verleysen et al., 2023). Ikdheimo et al. (2018) used a rate of 0,64 kWh kg
but also stated that the energy requirement for production falls in the range of 0,4-0,44
kWh/kg. The reason for the discrepancy is because they modelled the HB and ASU as
one entity, encapsulating the energy requirements of nitrogen and ammonia together. In

this thesis the highest rate of Ikdheimo et al. (2018) is assumed.

Compared to both the AE and ASU, the HB is substantially less flexible. Firstly, it cannot
be placed in standby mode due to the energy requirement of keeping the temperature
stable (Armijo & Philibert, 2020). Furthermore, the machine is normally only in an idle
state for maintenance purposes. Hence, it normally operates continuously (Ikdheimo et al.,
2018). Armijo and Philibert (2020) incorporated greater flexibility, allowing for HB to be
idle in favourable scenarios. They used an idle duration of at least 48 hours before the

machine could perform a cold start.
3.2.4 Load and Ramp Rate

With the states of operations for the production units highlighted, the limitation during
production is explored. These include the load range that the machine can produce within,

in addition to their ramp rate °.

15 Their ability to adjust production level
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Alkaline Electrolyser

The AE is the most flexible unit in the system of ammonia production. It can operate
at a higher load rate range than the two other production units. Wang et al. (2023)
argues that the minimum load rate of an AE can range from 10 to 40 percent. If operated
below this range, there is a high degree of impurity in both the oxygen and hydrogen
streams. Similarly, Varela et al. (2021) states that advancements in technology have made
it feasible to achieve a minimum load rate of 10 percent. However, it is worth noting that
manufacturers specify a minimum load requirement of 15 percent. Furthermore, Matute
et al. (2019) specifies a minimum load of 10 percent based on experience from different EU
projects. While it is technically feasible to operate at a minimum load of 10 percent, we
have chosen to adhere to the manufacturer’s recommendation of maintaining a minimum

load of 15 percent in this thesis.

Additionally, the ramp rate of AE must be considered. The AE ramp rate is dependent
on sufficient implementation of power electronics and proper management of the process
flow (Varela et al., 2021). However, it is commonly accepted that the ramp rate is
approximately 20 percent of the nominal load per second. Therefore, the AE can vary

between 15 and 100 production load between hours. (Varela et al., 2021)

Air separator unit

The ASU is comparably more constricting than the AE. To maintain purity, the minimum
load rate is approximately 30 percent (Tesch et al., 2019). Cheng et al. (2022) utilised a
minimum load rate of 40 percent in order to ensure a ramp rate of 3 percent per minute.
This will also be implemented for this thesis, securing a load variation between 40 and

100 percent between hours.

Haber-Bosch

Within the system of green ammonia production, HB is the least flexible. It can operate
with a minimum load rate of 50-60 percent (Verleysen et al., 2021; Wang et al., 2023).
However, a more dynamic HB seems to be within reach, having the potential to reduce
the minimum load range as low as 20-30 percent (Armijo & Philibert, 2020; ITkéheimo
et al., 2018). As this is not easily viable at this stage, the minimum load for HB is set at

50 percent in the context of this thesis.

The ramp rate is also significantly less flexible compared to the two other production units.
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The consensus for HB states a ramp rate (up and down) of approximately 20 percent per
hour of capacity per hour. Exceeding this ramp rate can result in thermal changes that
cause extensive damage to the catalyst (Armijo & Philibert, 2020; Verleysen et al., 2023;
Wang et al., 2023). Hence, the ramp rate will be set to 20 percent per hour.

3.2.5 Replaceable parts

Within all production units, there is a certain level of degradation, resulting in parts
needing replacement. Although there can be numerous parts, within the context of this
thesis, they are limited to parts that require significant expenditure to be replaced and

have a deteriorating effect on the production capacity.

For AE and HB, these components are the cell-stack and the catalyst, respectively. Both
have an estimated lifetime of 80 000 hours, or approximately 10 years with maximum
load (Fanez Guerra et al., 2020; Matute et al., 2019; Yates et al., 2020). There are no

comparable parts for the ASU.

The cell-stack in the AE is normally replaced when the efficiency is reduced below 90
percent (Matute et al., 2019). Using a linear approach given its estimated lifetime, a
one percent degradation can therefore be applicable, which is the estimate Buttler and
Spliethoff (2018) gave. However, Yates et al. (2020) stated a 0,1-0,5 percent depending on
high or low degradation. Given the disparity of the estimations, a yearly degradation of

0,75 percent is utilised.

There are some variations in the replacement cost of the cell-stack. Funez Guerra et al.
(2020) states a 30 percent cell-stack replacement cost of the initial AE capital expenditure
(CAPEX), while Yates et al. (2020) states 40 percent. Matute et al. (2019) uses a different
approach by estimating the replacement cost between 270 and 380 EUR per kW. In this
thesis a 30 percent replacement cost of the AE CAPEX has been assumed based on the

lower end of the provided literature.

Similarly, to the cell-stack, the replacement cost of the catalyst is estimated to be 30
percent of the initial CAPEX of HB (Funez Guerra et al., 2020). The most common causes
of depredation of the catalyst are sintering and Oy & H0 poisoning (Attari Moghaddam
& Krewer, 2020). The degradation rate for the catalyst is set at one percent degradation

of the initial capacity annually.
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3.2.6 CAPEX

Now that the description of the technical data has been provided, focus on the financial
data is necessary. This subsection focuses on the CAPEX for the different production

units and devise a method to scale the CAPEX depending on their production capacities.

Alkaline Electrolyser

One uncertainty within the field of green hydrogen production is the estimation of AE
CAPEX. Parra et al. (2019) estimated a cost between 50 and 1 200 EUR/kW, whereas
Cesaro et al. (2021) estimates the cost to be between 400 and 939 USD/kW for 2020 and
between 264 and 834 USD/kW for 2025. In their own model, Armijo and Philibert (2020)
used a CAPEX of 600 USD/kW for an electrolyser size of 60,2 MW 6. However, Cesaro
et al. (2021) utilised a 770 USD/kW for a 313 MW AE in their paper. Hence, there is

considerable uncertainty related to the cost of the electrolyser.

According to Gutiérrez-Martin et al. (2015), there is a non-linear relationship between the
size of the electrolyser and the investment cost up to a production capacity of 1 tonne
of hydrogen per day (=~ 2 MW) for the AE. However, bigger AEs have a nearly linear
relationship between cost and capacity. The article of Proost (2019) sought to outline
the CAPEX of electrolysers to create guidelines and explain the trend of the market to
policymakers. He showed a non-linear relationship between cost and capacity, where a 2
MW AE is estimated at 750 EUR/kW, while a 100 MW is estimated at 400 EUR/kW.
Kuckshinrichs et al. (2017) emphasises a top-down engineering approach for the cost of

AE using the formula:

Cap, \*
I, = Lhse - | =— 3.2
’ (Capbase> ( )

I is the investment CAPEX CAP is the production capacity
x is the new capacity base is the previous capacity

« is the scaling parameter

This is referred to as the "six tenths rule" when « is set to 0,6 (Abdin et al., 2022).
However, Kuckshinrichs et al. (2017) utilised a higher « of 0,85. Adjusting the values

16Calculated based on values from their research paper.
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given by Proost (2019) to be in USD'” and using the formula and « from Kuckshinrichs
et al. (2017), the following CAPEX is derived:

100MW

787,5USD/EW h-2.000kW - (W

0,85
) = 43.793.000USD = 438USD/kWh (3.3)

With this approach, it is within the findings of Proost (2019). Hence, the higher « is
justified when scaling CAPEX for the AE. For the context of this thesis, 2 MW at 787,5
USD/kWh will serve as the base case.

Air separator unit

In Section 3.2.3, it was stated that the ASU uses a negligible amount of energy compared
to the AE. Hence, there are limited cost savings opportunities by taking advantage of
the ASU’s excess production capacity. However, if the production capacity of ammonia
is increased, there must be sufficient nitrogen supply to avoid restricting the production

process. Hence, increasing the production capacity of ASU is necessary.

Similarly to the AE, Devkota et al. (2023) used the Equation 3.2 to calculate the CAPEX
for ASU using an « of 0,67. Given that Equation 3.2 is a common method to scale
chemical facilities, it will also be used in this case with an « of 0,67. Given the use of the

method, the base case must be identified.

In their paper, Cesaro et al. (2021) developed a base case to assess the cost of green
ammonia. In this base case, a production capacity of 10 metric tonnes of ammonia per
hour was developed. Utilising their case and the findings from Section 3.2.2, the minimum
capacity required of the ASU can be established. Given that 82,3 percent of ammonia is
nitrogen, and the total conversion rate is 97 percent, the minimum required production
capacity of the ASU is: 10.00018?% ~8 500 kg/h. Additionally, they specified the

CAPEX at 1450 USD /kg nitrogen per hour. These metrics will serve as the base case for
the CAPEX calculations.

"Exchange rate of 1.05, based on past year average(Yahoo, n.d.-c)
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Haber-Bosch
Similarly to the ASU, the HB uses an insignificant amount of energy compared to the AE.

However, the HB process influences the required level of nitrogen and hydrogen depending
on the ammonia production. Hence, increasing the capacity of the HB can affect the
flexibility within the system, and an approach for estimating the appropriate CAPEX is

required.

For the HB synthesis loop, there seems to be a non-linear relationship between production
capacity and CAPEX. Based on the available literature, the estimate of CAPEX is
between 3 000 and 4 500 USD/kg of ammonia per hour (Ikdheimo et al., 2018). In
order to determine the appropriate scaling properties of CAPEX for the HB process, two
case studies are examined. Tkiheimo et al. (2018) utilised a CAPEX of 3 150 USD'® /kg
ammonia per hour for a system that produced 300 tonnes of ammonia per day (or 12
000 kg/h), while Cesaro et al. (2021) utilised a CAPEX of 3 300 USD/Kg ammonia per
hour for a production capacity of 10,000 kg/h. By using the parameters from Cesaro
et al. (2021) as the base case and the parameters from Ikidheimo et al. (2018) as the new

capacity in the Equation 3.2, the following alpha is found:

12,5\°
3.300USD/kg/h-10.000k;g/h.(ﬁ) = 3.150USD/kg/h - 12.500kg/h  (3.4)

= a 0,79 (3.5)

3.2.7 OPEX

Lastly, the OPEX for the production units will be explored. These include all cost related
to production that has not been mentioned, such as rent, insurance, maintenance, labour

etc. However, the energy cost will be excluded from OPEX, given the nature of this thesis.

Alkaline Electrolyser

Given the circumstances around the AE, the OPEX can range between 2 and 7 percent of
CAPEX per year for AE greater than 1 MW. However, a narrower range of 2 to 5 percent
is often considered as reliable. An OPEX of 3,5 percent is therefore employed (Buttler &
Spliethoff, 2018; Parra et al., 2019).

183000 EUR/kg NH3/h at an exchange rate of 1,05 (Yahoo, n.d.-c)
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Air Separator Unit and Haber-Bosch
OPEX for ASU and HB are assumed to be lower compared to the ASU. Ikdheimo et al.

(2018) assumed an OPEX of 2 percent of CAPEX per year for both the ASU and HB,

which will also be utilised in this thesis.

3.3 Intermediate Storage Units

Intermediate storage units are introduced to give production units greater flexibility. With
the introduction of storage units, excess production of process mediums can be stored from
periods of low electricity costs to periods of high electricity costs, potentially mitigating
higher production costs. Hence, technical, and financial descriptions of the intermediate
storage units are necessary. Given that ammonia storage does not aid in the flexibility of

ammonia production, it is exempt from this analysis.

3.3.1 Energy consumption

Ikdheimo et al. (2018) stated that hydrogen storage is estimated to consume 2,2-3,0
kWh/kg of hydrogen. Given the use of steel tanks as highlighted in Section 2.2.2, a value
of 2,5 kWh/kg hydrogen is utilised for the work in this thesis.

Within the literature on green ammonia production, the mention of the energy requirement
of storing nitrogen is limited. Both Armijo and Philibert (2020) and Ik&heimo et al. (2018)
excluded it from their paper. To be comparable with the available literature, it is assumed

that the energy requirement is encapsulated within the OPEX.

3.3.2 CAPEX and OPEX

Lastly, both the CAPEX and OPEX for the intermediate hydrogen and nitrogen storage

are to be examined.

Hydrogen

Hydrogen storage CAPEX ranges from 200 to 1 500 USD /kg, depending on the scale and
pressure. As mentioned, steel tanks are selected for intermediate hydrogen storage as they
are easily available. The downside is its higher CAPEX. There is a case for salt caverns to

be used, however, they are less flexible as they can only charge or discharge 0,33 percent
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each hour to avoid rapid pressure change giving tension to the walls (Fasihi et al., 2021).
In the model created by Armijo and Philibert (2020), 500 USD/kg was utilised for half a
day’s worth of hydrogen production. Given the base case of ammonia production selected
in Section 3.2.6 of 10 000 kg/h, this would constitute a capacity of 21 240kg (10 000 kg/h
- 0,177 - 12h).

As Equation 3.2 is established as the common way of scaling CAPEX of chemical facilities,
this will be utilised for the intermediate hydrogen storage. However, a more conservative

approach is considered, using a higher o at 0,7 instead of 0,6.

Lastly, it is assumed that storage has an OPEX of approximately one percent of CAPEX
per year. (Armijo & Philibert, 2020)

Nitrogen

Nitrogen storage is an existing part of the ASU, with a capacity of one day’s worth of
production. Hence, both the CAPEX and the OPEX are encapsulated within the CAPEX
and OPEX of the ASU presented in Sections 3.2.6 and 3.2.7 respectively. (Armijo &
Philibert, 2020)

3.4 Electricity prices

According to the Section 3.2.3, significant usage of electricity is needed to produce ammonia,
especially for the AE. Hence, the cost of electricity is an essential cost factor that must be
considered. This section will discuss the raw data, the methods used for data aggregation,

and the data that will be employed in our model.

3.4.1 Raw data

As highlighted, incorporating the cost of electricity is crucial due to the energy quantity
necessary for ammonia production. Given the focus on Denmark, the day ahead electricity
prices is gathered from Nord Pool (2023). Within Denmark, there is also two different
electricity markets, DK1 (west) and DK2 (east). With the predominance of ammonia
production set to be built on the west coast (Ministry of Foreign Affairs of Denmark,
n.d.-b), DK1 was chosen. Additionally, determining the time period to the data set is
necessary. In 2015, 89 percent of the energy was produced domestically (Danish Energy
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Agency, 2017), making it a useful starting point for the data. Additionally, both 2021 and
2022 was impacted by unprecedented events, with the impact of COVID and its rapid
economic recovery, and Russian withholding gas supplies from Europe months before the
invasion of Ukraine (IEA, n.d.). Therefore, these years have been excluded from the data

used in this thesis. The raw data structure for year 2020 is presented in table 3.1:

Hour Day Month Year SpotPrice € /MWh

1 1 1 2020 33,420
2 1 1 2020 31,770
3 1 1 2020 31,570
1 2 1 2020 30,780
2 2 1 2020 30, 640
3 2 1 2020 30,430
1 3 1 2020 18,930
2 3 1 2020 9,980
3 3 1 2020 1,530
24 31 12 2020 52,26

Table 3.1: Historical electricity price structure

These values are then first adjusted for inflation' and converted to USD/MWh?’. Below

are the descriptive statistics after applying the adjustments.

Year  Min  25% Quantile Median Mean 75% Quantile = Max  St.dev

2015 -32.49 15.45 24.51 23.69 28.33 103.2 11.52
2016  -55.32 21.81 25.58 27.55 33.2 108.29  10.05
2017 -51.04 27.51 30.73 30.7 34.62 122.41  10.89
2018  -15.18 36.01 44.72 44.58 52.89 146.03  15.25
2019  -48.49 32.54 38.94 38.69 46.2 109.91 13.2
2020  -58.8 12.38 23.895 25.04 35.87 200.04  17.42

Table 3.2: Summary statistics of historical electricity prices (USD/MWh)

3.4.2 Aggregating data

According to Teichgraeber and Brandt (2022), the increase in RE has highlighted the
importance of handling time-varying data for optimisation studies in energy systems.

They further elaborated that the use of representative time periods could help reduce the

9CPT of 100 in 2020 is used to adjust the electricity prices (Statistics Denmark, n.d.)
20Exchange rate of 1,05, based on past year average(Yahoo, n.d.-c)
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computational requirement by upwards of two orders of magnitude. Given that there are
8 760 hours to solve for a year, totalling over 200 000 hours for multiple decades, the use

of representative time periods is required.

Although they are necessary, the consequences of using representative time periods must
be understood. Teichgraeber and Brandt (2022) highlighted that the aggregated data will
always contain statistical errors, affecting the optimisation outcome. This will either lead
to systematic bias or increased variation in the results. Therefore, an investigation into

which error occurred should be performed (Teichgraeber & Brandt, 2022).

Secondly, an evaluation of the duration of the time periods must be performed. If the
representative time period is too long, then it would require high amounts of computational
power. Whereas if the representative time period is too small compared to the total time

period, then it would lead to inaccuracies in the results. (Teichgraeber & Brandt, 2022)

The last challenge to be highlighted is how the representative time periods will be linked.
Although some links may be ignored, others cannot. For example, storage will have a
cumulative effect between the representative time periods; hence, appropriate modelling

should be performed. (Teichgraeber & Brandt, 2022)

To determine which representative time periods will be selected, the method of Strgmholm
and Rolfsen (2021) will be applied. They averaged different time periods based on the
hour of the day to look for trends.

Daily variation
The first variation to be analysed is the daily variation within a day. Hence, the entire

data set is aggregated into a day based on their respective hours of the day:
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Figure 3.1: Average USD/MWh throughout the day (2015-2020)
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The graphs illustrate variations throughout the different hours of the day. The prices are
lower during the night and higher during the day. This correlates well with the routine of
the general public. Hence, within the representative time period, daily variations should

be included.

Weekdays variation

The second variation to be analysed, is between weekdays and their respectable hours.
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Figure 3.2: Average USD/MWh for each weekday (2015-2020)

The daytime differences between weekdays and weekends are evident. The weekdays
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illustrate higher prices compared to weekends; however, prices tend to converge during the
night. The variation between weekdays and weekends might be related to the difference
in business activity. Additionally, there is also variation between Saturday and Sunday,
with higher prices on Saturday during the day. Given the differences between weekdays

and weekends, the variation should be included in the representative time period.

Seasonal variation

Lastly, the difference between seasons of the year will be considered.
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Figure 3.3: Average USD/MWh for average seasonal day (2015-2020)

The different seasons have similar characteristics but differ in their price levels. Prices
during the winter are, on average, less expensive than in the autumn. The reasons for
these findings are uncertain but will not be investigated further due to the scope of this
thesis. Another observation is that spring is the cheapest of the seasons. Due to the
difference illustrated, seasonal variation should be included in the representative time

periods.

Selecting representative time period

With the variation between different time periods being examined, the selection of
representative time periods is feasible. From the discussion, the daily variation, the

difference between weekdays and weekends, and the seasonal variation should be included.

One approach to select a representative time period is to limit each season to a single
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weekday, Saturday and Sunday. Although the computational requirement is being reduced,
it might be too short compared to the season it represents, reducing accuracy in the
result. Another selection can be a representative week for each quarter. This includes all
the aforementioned variations, and the duration appears to be appropriate, given it will

represent 13 weeks within the yearly season.

To reduce model complexity, hours of the week are used instead of hours of the day. Hence,
hours 1 to 24 represent Monday, 25 to 48 represent Tuesday, etc. Utilising this approach,
the quantity of time periods reduces from 8 760 to 672 (24 - 7 - 4) per year. The effects of
aggregating the data are illustrated in Figure 3.4.
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Figure 3.4: Aggregated data for the winter of 2020
The most evident effect is the removal of extreme prices, both high and low. Although they
are removed, they also influence the aggregated data to become more volatile compared to
the weeks that are not volatile. Hence the net effect of this must be explored and adjusted

for.
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3.4.3 Sampling of data

After establishing the representative time periods, the selection of future electricity
prices may begin. In Section 3.2.1, the 30-year lifetime of the system was established.
For sampling data, Strgmholm and Rolfsen (2021) approach will be applied, where
forecasted values are provided by an independent organization and the variation from the

representative time period was incorporated to the forecasted values.

For this analysis, the forecasted values of electricity prices are gathered from Energistyrelsen
(n.d.-a). These include a base price for the years 2030, 2040, and 2050 in addition to an
hourly forecast for the year 2024%!. To be comparable, the average of all the forecasted

values for the year 2024 was selected as the base number.

For the sample, year 2024 will be the base price for the first three years; year 2027 is
going to be for the next three; year 2030 will be the base price for years 6 to 12, year
2035 will work for years 13 to 21, and lastly, the forcasted values from 2045 will be the
base price for the last nine years. Since these forecasted values were not provided, a linear
relationship between the years Energistyrelsen (n.d.-a)?*? provided and the selected years

will be utilised. Table 3.3 shows these values:

Year | Spot Price (USD/MWh)
2024 58.71
2027 60.86
2030 62.86
2035 57.86
2045 50.00

Table 3.3: Forecasted spot price

It should be noted that these forecasted values are approximately 1.8 times higher?
compared to the historical values from NordPool. Resulting in increased cost of green

ammonia production.

With the base price for all years established, variations from the representative weeks can
be incorporated. This is achieved by subtracting the mean from the aggregated prices

to centre them around zero, as illustrated in Figure 3.5. Then they are added to the

21Converted from DKK/MWh to USD/MWh based on the median exchange rate over the past year at
7 DDK per USD (Yahoo, n.d.-b)

22To see the linear relationship between the forecasted values, go to Appendix C: Forecasted Values

23The higher prices will not be explored due to the scope of this thesis
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forecasted values provided in Table 3.3.

0 20 40 60 -20 0 20 40
Spot price Spot price

Figure 3.5: Centre variation around zero

To prevent selection bias, arbitrary selection using a uniform distribution is implemented.
Given the limited selection of six years to cover 30 years in the model, representative
years are used. This implies that for every year that is selected, they now represent
three. Although each selection will have a higher impact on the result, they still cover
approximately the same number of years as if they were selected 30 times. Additionally,

it further reduces the computational requirement.

From the previous section, the net effect of removing extreme prices and the influence it
has on periods with low volatility will be explored. The method used to find the net effect,
is by comparing the Coefficient of Variation (CV) that measures the degree of variation

relative to its mean (Hayes, 2023). Hence, the equation is as follows:

oV = % -100 (3.6)

The following table presents the different standard deviations, means and the CV for the

historical and aggregated data set.

Data o I CcV

Historical 15,944 32,779 48,64
Aggregated 11,644 32,764 35,54

Table 3.4: CV: Historical vs. Aggregated data

By aggregating historical data, the variation is reduced, as displayed by the CV values in
Table 3.4. To adjust for the reduction, the variation centred around zero shown in Figure
3.5 is multiplied by 1,4 (~ %) to resemble historical values more closely. These values

are the base case for the analysis.
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Although the values are adjusted, there are also other considerations to be made. Firstly,
the future variations might not resemble the historical ones. Hence, different adjustments
are prepared for both an increase of 20 percent and 60 percent. Additionally, the extreme
values are not being reintroduced by the increase of 40 percent. Hence, one scenario of a
200 percent increase is created. It is not believed that this variation will stay this high,
but the scenario was created to test what would be beneficial during longer periods of

extreme variation. These other scenarios are illustrated in Figure 3.6
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Figure 3.6: Volatility comparison

3.4.4 Grid fees

Utilising the grid incurs additional expenses, labelled grid fees. These are broken down
into three categories: consumption tariffs, system tariffs, and balance tariffs(Energinet,
2022). Due to recent changes®!, these are all linear regardless of the amount of electricity
used. These changes will result in consumers paying approximately 25 percent less per
kWh and paying an additional annual charge of 180 DKK, which is not included due to
its negligible cost. Table 3.5 breaks down the grid fees(Energinet, 2022):

24These changes are to be evaluated after six years to determine if they should be prolonged (Energinet,
2023)
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Grid fees USD per MHw
Transmission grid tariff?® 7,00
System tariffs?® 5,14
Balance tariffs for consumption?” 0,33
Total grid fees 12,47

Table 3.5: Grid fees with updated system tariffs

3.5 Weighted Average Cost of Capital (WACC)

WACC is utilised to discount both cost and the ammonia produced. Cesaro et al. (2021)
estimated it to be between 4.5-10 percent, but that the common WACC to utilize is 7,5
percent for the OECD countries. WACC is based upon the weighted cost of equity and
debt (Hargrave, 2023). The cost of equity is made up of the risk-free rate, 5, and the
market premium (Kenton, 2023). Hence the WACC formula before tax looks like this:

WACC)re—tay = (1 — D) - (RF + B.- MP) + D - Rp (3.7)

D  is ration financed by debt Be  is the unlevered beta
RF s the risk-free rate of equity MP is the market premium
Rp 1is the cost of debt

NVE (2023) establishes a basis for 60 percent debt financing, whereas Ofori-Bah and
Amanor-Boadu (2023) investigated various financing schemes. They determined a financing
arrangement with 25 percent debt was the most optimal given all the stakeholders involved.

On the basis of this thesis, a higher debt financing rate of 30 percent is used.

For the risk-free rate, the 10-year Treasury rate will be utilised (The Investopedia Team,
2022). Yahoo (n.d.-a) monitors the yield daily, where it has fluctuated between 2,8 percent
and 4,3 percent over the past year. Though volatility for the risk-free rate is recognised,
a yield of 3,5 percent is chosen. For the (3, the unlevered estimate of 0.83 for green and
renewable energy is used (Damodaran, 2023). Regarding the market premium, PWC
(2022) rate of 5 percent is selected. For the cost of debt, a rate of 6,6 percent is assumed.
Given these parameters and the equation, a WACC of 7,3 percent is obtained. This is

also consistent with the literature.

2549 DKK/MWh
2636 DKK per MWh
272,29 DKK per MWh
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4 Mathematical Optimization Model

This chapter will first introduce an overview of the model in Section 4.1 to better understand
its components and connections. Then the assumptions for the optimisation model are
established in Section 4.2. Following the assumptions, the different sets, parameters, and
decision variables will be described in Section 4.3, 4.4 and 4.5 respectively. The features
of the ammonia process are described as constraints in Section 4.6. The objective function
for this thesis combines some of the concepts used in the different constraints and is
highlighted in Section 4.7. Then an outline for how LCOA is calculated based on the
parameters in Section 4.8. Lastly, a clarification of why a simplification of the model was

necessary is described in Section 4.9

4.1 Model introduction

We created a model in order to analyse how increased flexibility in the ammonia production
process can exploit on the fluctuations in electricity prices. To gain meaningful results,
features closely resembling those of the process must be implemented. To accomplish this
objective, a multi-period, mixed integer linear programming model (MILP) were used,

with the objective of minimising costs.

To understand the structure of the model, a flowchart illustrating its activities is
constructed based on the information gathered. To simplify the model, the internal

functions of each machine are represented as a single entity.

o

A
Electricity Grid
(o) Electrolyzer
\ Harber Bosch
Process
—_— /
Nz

0 o

Figure 4.1: Model visualisation
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The model consists of three machines and two intermediate storages also labelled buffers.
The process begins with AE converting water into hydrogen and oxygen. The oxygen
produced is disregarded, as it serves no purpose of the analysis, while the hydrogen is
transported to the buffer. Parallel to the AE, the ASU separates nitrogen from the air
and subsequently transport it to a buffer. The remaining gases are discarded since they
do not contribute to the analysis. Hydrogen and nitrogen are then both sent from their
respective buffer to the HB where ammonia synthesis takes place. The ammonia produced
is then shipped to market. All machines and buffers get their energy from the electrical

grid.

As previously stated in Section 3.4.2 about aggregating data, representative weeks and
years are utilized. Both these initiatives are performed to reduce the computational
requirement. To effectively investigate whether flexibility can utilise electricity fluctuation
to reduce LCOA, production and buffer capacity are explored along with modifications to

the individual machines. Consequently, the model must be executed multiple times.

4.2 Model assumptions

Prior to defining the model, it is essential to address the assumptions needed to be made.

Each assumption will be presented, followed by an explanation for its rational.

The first assumption made is the need to fulfil a yearly demand. The motive behind an
annual demand is to enhance the system’s ability to leverage flexibility to take advantage
of favourable electricity prices rates. The demand is based on an hourly rate and assumed
to be 10 000 kg per hour, as stated in the base scenario provided in section 3.2.6. As a
result, the annual demand is 87 360 000 kg (10.000kg - 24 -7-13-4). Using annual demand

neglect seasonality and will be seen as a limitation to the analysis.

The second assumption is that ammonia is sold directly to the market from the production
process. As a result, the model determines the timing of ammonia acquisition by the
market. Given the model’s objective of cost reduction, these periods will be the most
advantageous and not the basis of the acquirer. This reduces cost as it eliminates the
need of ammonia storage capabilities. This assumption will therefore serve as a limitation

for the analysis.
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Another assumption is that both the HB, and ASU will operate continuously. As
highlighted in Section 3.2.3, HB is only stopped for maintenance purposes. Another
justification for this assumption stems from the computing resources required, as further

explained in Section 4.9.

An additional assumption involves degradation of ASU. Due to the absence of a component
similar to the cell restack or the catalyst, it is assumed that the degradation issue is

addressed through OPEX.

4.3 Sets

With the introduction of the model, clarification of sets and their elements will be provided.
The model works on an hourly basis, derived from the electricity price data in Section
3.4.2. Furthermore, the use of representative weeks necessitates the need for a quarterly
set. To distinguish all quarters, a set of years is introduced. Section 4.1 states the use
of representative years, which adds an additional time set. Since wearable parts need
replacement, a set indicating the time of their replacement is necessary. Lastly, a set of

process mediums differentiates the machines and buffers.

Set  Description Values

Y  Set of years (1,4,7, ..., 28)
G Replication of years (0,1, 2)

@  Set of quarters (1,2, 3, 4)

H  Set of hours within a week (1,2, ..., 168)
R Replacement of wearable parts (11, 21)

K Set of process mediums (Ha, Ny, NHj)

Table 4.1: Model set description

Set Y begins at year one and has an interval of three, demonstrating that each year is
replicated three times. The cardinality of the set represents the number of representative
years. This necessitates the set GG, which states how many times each year has been
replicated. Element 0 indicates the representative year; 1 is the first time the year is
replicated, and 2 is the second time the year is replicated. Hence, the representative
year is repeated three times. Quarters are denoted as numbers in set (), where one and
four correspond to spring and winter, respectively. Elements of H are the hours within

the representative week. The model neglects the use of days, which are incorporated
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based on the hour of the week. For instance, hours 1 through 24 are Monday, hours 25
to 48 are Tuesday, and so forth. The elements within set R represent the years that the
wearable parts are replaced. Lastly, the set K contains the chemical notation of each

process medium.

4.4 Parameters

Having established the necessary sets for the model, the parameters established in Section
3 can be defined. Distinct categories are created due to the volume of parameters needed

to comprehend their application.

General Parameters

These parameters can be applied to multiple optimisation models and are not specific to

this thesis.

Parameter Description Unit
M Big M parameter Int
P Number of weeks within a season Int

Table 4.2: General parameters

Production and buffer parameters

These are the parameters associated with the technical specifications of production and

buffer, which allows the model to resemble reality.

Parameter Description Unit
NRGY, Energy consumption per kg produced kWh /kg
SNRG, Energy consumption per kg stored kWh /kg
PropS By, % of nominal energy consumption when on standby %
PropC'S, Energy consumption per ton of daily production Wh
capaclty

MinUy, Minimum utilization of equipment in % of capacity %
TotCapy, Original production capacity kg/h

Production capacity reduction due to degradation of

CapRedy, wearable parts %
Voly, Total capacity of buffers kg
d Yearly demand of NHj kg

Table 4.3: Production and buffer parameters

CapRedy,y is based on the annual degradation due to the replacement parts as highlighted

in Section 3.2.5. However, annual degradation is not possible with the use of representative
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years. To address this discrepancy, the three-year average represented by the corresponding
representative year will be utilised. For example, in year 4 (representing year 5 and 6) the

degradation equals ‘W}M =5%.

On top of the production and buffer parameters provided, additional parameters must be

supplemented. These require calculation and are therefore in its own table.

Eq Formula Sets Description
Maximum production
(4.4.1) | Capg,y = TotCapy - (1 — CapRedy,y) Vk € K | capacity for each time
VyeY period
(4.4.2) MinLy, = Capy, - MinUy, vk e K | Minimum load while
Yy ey producing
(443) SBNRG), = vk € K Standby energy
o TotCapy, - NRGg - PropSB;, consumption
Energy consumption of
TotCapy, - 24h cold start based on tonne
(444) | CSNRG), = 1000kg - PropCs), | VK€ K production capacity per
day

Table 4.4: Production and buffer parameter calculations

Equation (4.4.1) introduces the parameter C AP, which closely resembles T'otC AP;.
However, TotCapy, represents the initial capacity, whereas C' AP, includes degradation.
MinLy, in equation (4.4.2) indicates the minimum load in kilograms, whereas MinUy,
indicates the minimum percentage of capacity. Similarly, SBN RG), (equation (4.4.3))
displays the kWh as opposed to the percentage PropS B, signifies. Lastly, CSN RG}
in equation (4.4.4) illustrates the energy consumption to perform a cold start, while

PropC'Sy, is the energy consumption per tonne of daily production.

Haber-Bosch specific parameters
Specific technical parameters are only applicable for the HB; hence, they will not be

generalised for the other machines.

Parameter Description Unit
Propy, Proportion of each process medium in ammonia %
Conv Conversion rate of Hy and Ny to NHj %
MPCP Maximum production change of nominal production %

Table 4.5: Haber Bosch specific parameters
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Similarly to the production and buffer parameters, there are HB parameters that require

change in kg for HB

calculation.
Eq ‘ Formula ‘ Sets ‘ Description
(4.6.1) MPCy = Capnp,y - MPCP vy ey | Maximum production

Table 4.6: Haber Bosch parameter calculations

Equation (4.6.1) introduces M PCY, which specifies the maximum change of production

in kg between production hours in contrast to M PC P which is in percentage.

Financial parameters

In addition to the technical parameters, a financial parameter is necessary to calculate

the cost of ammonia production.

Parameter Description Unit
BSizey Base case of production capacity kg

BVoly, Base case of storage capacity kg
BCAPEXY Base case unit CAPEX USD
BCAPEXP Base case buffer USD
OPEXP! OPEX for production units as % of CAPEX %
OPEXPP OPEX for buffer as % of CAPEX %

al Scaling parameter for production units CAPEX Float

ab Scaling parameter for buffer CAPEX Float
RPRCP, Wearable parts replacement costs % of CAPEX %

ELC, ,n Electricity prices USD/kWh
GF Grid fees USD/kWh
WACC Weighted average cost of capital %

Table 4.7: Equipment and intermediate storage cost parameters

All except RPRCP;, ELC, 4, GF and WACC' are used to find the CAPEX for the
different machines and buffers utilising Equation 3.2. There are different « for scaling
the units and storage. Additionally, a for storage is only applicable to hydrogen buffer.
Section 3.3.2 highlighted the absent of ammonia storage and that the CAPEX of the
nitrogen buffer was encapsulated by the ASU CAPEX.
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4.5 Decision variables

Following the overview of sets and parameters, the subsequent step is defining decision
variables. These variables include production, storage, and extraction of buffers. To ensure
continuity of storage between representative weeks, an additional variable is included.

Lastly, machine states variables create more flexibility to the model.

Parameter Description Unit

T i fp Process medium produced kg

Sk.y.q.h Process medium stored kg

Zky.q b Process medium extracted kg

Asy End-of-week cumulative net difference between ke

i production and extraction

idleky qn Whether the machine is idle (1) or not (0) Binary

Sbk.y.q.h Whether the machine is on standby (1) or not (0) Binary
Whether the machine is doing a cold start (1) or not .

CSkyy,q,h (0) Binary

Table 4.8: Decision variables

The time period between representative weeks is non-existent within the model,
necessitating a method to ensure storage continuity. Hence, the variable Asy, , is
created. It’s defined as the net difference between production and extraction within a
week. Multiplying it P times reveals the cumulative difference of the quarter, connecting

subsequent representative weeks.

4.6 Constraints

With the definition of sets, parameters, and decision variables, the construction of
constraints can commence. The objective function will be defined at a later stage,
incorporating a combination of concepts defined in this subsection. Similarly to parameters,

constraints are divided into the categories they represent.

Production constraints

These constraints are associated with the technical capabilities of all units.

Eq Constraint Sets Description
Vk e K
Non-negativity
9. > ‘v’y ey
Gl Thyahs  Skyghs  Zhygh =0 Vg €Q constraint
Vh e H
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Eq Constraint Sets Description
vk € Kk | No production while
Lky,q,h S . ..
(4.9.2) , Vyeyv equipment is in
(1 —ddleryqn = sbuyah = CShyg) - M Vg € Q | mo-production mode
Vh e H
Vk € Kk | Maximum production
(4.9.3) Thyqh < Capyy Vy € Y | capacity for each time
Vg€ Q period
Vh e H
M 1 h h
. Vi e K ust‘ qt east have the
Thyah = MinLy Yy ey minimum load of
(4.9.4) —(idlegy g h+5bey.qntCShyqn)-MinLy Vg€ O nf)minal prod.ucti.on.
while the machine is in
Vh e H :
producing mode
Vk € K | Bqui
. quipment can only be
9. <
(49.5) idlekyn + Deyan + CSkyan < 1 Yy €Y | in one state at a time
Vg € Q
Vh e H
dy e v AE cold start will
. . c .
CSHyyah = 1dler, yon1+idlew, yqn y happen if the last hour
L0 : i i VgeQ was idle, and the
Vh e H current is not
h>1
(4.9.7) CSHpyqh = Yy €Y | Same as above, but
o idler, yq—1,10) T tdlem, yqn, Vg € QQ between quarters
qg>1
(4.98) cst,g{,ql,hl = ' Vyey Same as above, but
idler, y—iq)Ql H| T+ 1dler, y.q 1 y>1 between years
Vk e K
Vy €Y | ASU and HB cannot
(4.9.9) idlery.qs ks =0 Vge@ be deactivated
Vh e H:
k # H,

Table 4.9: Production constraints

Constraints (4.9.2), (4.9.3), and (4.9.4) provide the production instructions. The first

equation states whether or not the units can produce. The next two define the range it

can produce within. Constraint (4.9.4) states that there is a minimum production that

must occur unless the machine is in a no-production state.

Furthermore, (4.9.6), (4.9.7), and (4.9.8) highlight the mechanism for how a cold start
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for the AE works. Section 3.2.3 stated a cold start for AE takes 10 to 30 minutes, but it
is assumed to take one hour for this thesis. Additionally, there is a cost associated with
performing a cold start. Hence, there is no incentive for the model to randomly assign a
cold start to the unit. The constraint starts by verifying whether the previous hour was
idle. In case it is not, then the AE is in either standby or producing mode, and a cold
start is not required. If the unit was idle, then it also needs to verify whether the current
hour is also idle. Given an idle state at the current hour, the cold start will not engage. In
the case that the unit is not idle, it requires the AE to perform a cold start. Constraints

(4.9.8) must adjust for the representative years, hence utilising the cardinality of set G.

Lastly, the constraint (4.9.9) demonstrates that units HB and ASU cannot be deactivated,
as highlighted in Section 4.2. Initially, the model included the possibility of deactivating
the units; however, this feature was eliminated due to the computational requirement to

run the model. This will be furthered explained in section 4.9.

Haber Bosch specific production constraints

Similar to parameters, there are certain constraint that is only HB applicable.

Eq Constraint Sets Description
Annual ammonia
(4.10.1) z;; Z P onhyyqh 2 d iy € demand must be met
qeQ he H
- Vy € Y | HB cannot be placed
(4.10.2) SONHs g =0 Vg e Q in standby
Vh € H
Vk e K
Vyey Proportion of each
(4.10.3) hpah = TN Hs,y,qh * PTOPk Vg€ Q gas needed for
o Conv Vh € H | ammonia production
k # NHj
v Maximum production
yey reduction between
(4.10.4) TNHsyah = TNHsygh-1 — MPCy VgeQ hours within the
Vh € H week
h>1

Maximum production

VyeVY reduction between
Vg € Q) hours of different
qg>1 weeks /quarters

(4.10.5) TNHsyah 2 TNHsyg-11H — MPC,




54 4.6 Constraints

Eq Constraint Sets Description
Maximum production
Vy ey reduction between

(4.10.6) | TNHsyqm = TNHsy-|CLlQLH — MPC,

y>1 hours of different
years
vy e v Maximum production
y e i
(4.10.7) TNHsyah < TNHyygh—1 + MPC, Vge@ il(fljf:tisffriﬁg
Vh € H week
h>1
Maximum production
(6108)| e Ssvmarin +MPG, | YEL | b
qg>1 quarters
Maximum production
(410.9) | anHyyo i < TNHsy-|cLiQLH| + MPC,y V;J >e f ngsaii fotfgiﬁ
years

Table 4.10: Production constraint: HB specific

The demand constraint (4.10.1) indicates that an annual ammonia demand must be met.
To compensate for the time gaps within the model, it is necessary to multiply the ammonia
produced by P, enabling repeated weeks to be represented within the quarter. Then,
the aggregate for each year is found. Constraint (4.10.2) enforces that HB cannot be in
standby mode, as stated in Section 3.2.3.

To ensure an adequate quantity of process mediums for the ammonia synthesis, constraint
(4.10.3) was constructed. Section 3.2.2 stated that 83,5 percent of ammonia was nitrogen
and 17,7 percent was hydrogen. Hence, the production of ammonia within the current hour
multiplied by Prop,. determines the quantity of process medium needed. Additionally,
HB had a purge rate of three percent, leading to a conversion rate of 97 percent. Hence,

excess process mediums must be supplied, resulting in the division.

Lastly, constraints (4.10.4) through (4.10.9) limit the maximum production change between
hours. They all adhere to the same underlying rationale: identifying the quantity produced
last hour and determining the new limit. Constraints (4.10.4) to (4.10.6) find the new
minimum limit the HB is allowed to produce for the current hour, while constraints (4.10.7)
through (4.10.9) find the maximum. The maximum load change is either subtracted
from or added to the quantity of ammonia produced in the previous hours. Constraints

(4.10.4) through (4.10.6) and (4.10.7) through (4.10.9) may allow for negative or above
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100 percent production, respectively. However, constraints (4.9.3) and (4.9.4) limit unit
production within the allowable range. To enhance comprehension, a visual representation

is provided:

=== Upper limit Produced —==Lower limit
12 ~

~
10 ‘\\ ’1'

Production in Ton
,
A
I

Figure 4.2: Maximum increase and decrease in production load

Buffer constraints

After examining the production constrains, the buffer constraints will be addressed.
Although these applies to all process mediums, ammonia does not have a storage as

highlighted in section 4.2. Hence, the ammonia storage capacity equals zero.

Eq Constraint Sets Description
Maximum buffer
1. < .
(4 11 1) Sky,gh = Vol Vk e K ey
Quantity stored at
(4'11'2) Skyi,q,h = Thyi,qhe T kg, Vk e K first time period
Vk e K
VyeY .
(4.11.3) Sky.ah = Skyah—1 1 Tkygh — Zkyqh Vg € Q Quaﬁi}; Sts;eoc(li cach
Vhe H -
h>1
End-of-week
Vk e K cumulative net
(4.11.4) ASkyq = Z Thyah — Zhyah VyeY difference between
heH VgeQ production and
extraction
Sk,y,q,h1 — N
Zq ' +(P=1)-As VEk e K Storage continuity
(4.11.5) k=L IH| R VyeY between hours of
T Thygh ~ Zhyam Vge @ different quarters
qg>1
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Eq Constraint Sets Description
S = Vk e K Storage continuit
. P—1)- Asp,_ .
(4.11.6) Ska-lalilim + ( ) Asky-lalie) VyeyvY between hours of
T Thyah ~ Zhyah y>1 different years
Sk, | T (P —2) - Asgyq Vk e K
h Storage capacit
Vyey ge capacity
(4.11.7) + Z (ki — Zhungi) < Vol Vg e Q constraint
=1 Vhe H
Skt T (P —2) - ASpyg Vk € K
h Non-negativit
VyeyY g y
(4.11.8) + Z (Thy.qi — Zhy,qi) = 0 Vg e Q constraint
=1 Vh e H

Table 4.11: Buffer constraints

Constraint (4.11.1) states that the stored quantity cannot exceed the capacity of the buffer
within the representative week. Quantity stored during the first time period is highlighted
in constraint (4.11.2). Since there are no previous time periods, its only contingent on
the process medium produced and extracted for that hour. Storage continuity during the

representative weeks is ensured through in constraint (4.11.3).

Utilising representative weeks requires more complex modelling to ensure storage continuity
between quarters and capacity restrictions. Representative weeks are replicated P times
to compose a quarter. If changes to storage quantity occur during the representative
weeks, the pattern is also seen in the replicated weeks. However, the pattern is cumulative,

complicating the modelling. A visual representation is provided in Figure 4.3.
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Figure 4.3: Storage cumulation during a quarter
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Constraints (4.11.4) through (4.11.8) were created to facilitate continuity and capacity
restrictions. The first step was creating the variable Asy, , 4, representing the net difference
between production and extraction during the representative week for each quarter.
However, the variable alone is insufficient. In the first quarter, there is no previous stored
quantity to account for, and the equation P-As; , , would suffice to find the end-of-quarter
storage quantity. Following the first quarter, this equation would not be adequate as
the stored quantity from the first quarter is not included for the next quarter. Instead,
including the variable sy, . m| aids in resolving this discrepancy. Since this variable also
includes the net difference between production and extraction, the variable Asy , , must

be subtracted once. The equation to find the end-of-quarter stored quantity will therefore

be :

Sk T (P —1) - Aspy, (4.1)
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Figure 4.4: Storage cumulation elements

With the mechanism of finding the end-of-quarter storage quantity explained, the continuity
constraints (4.11.5) and (4.11.6) can be described. They have similar functions, but
constraint (4.11.5) is between hours of different quarters, while constraint (4.11.6) is
between hours of different years. Though they use Equation 4.1, it is slightly modified.
Instead of looking at the current end-of-quarter quantity, they looked at the previous
end-of-quarter quantity. Then the production and extraction for the first hour of the
current quarter are included, preserving continuity. Constraint (4.11.6) has to adjust for

the use of representative years, hence including the cardinality of set G.

Constraints (4.11.7) and (4.11.8) provide the capacity constraints for the model. While

constraint (4.11.1) restricts stored quantity within the representative week, constraints
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(4.11.7) and (4.11.8) restrict between them. Due to the repetitive nature of cumulation,
as shown in Figure 4.4, it is only necessary to restrict the last replicated week. Although
(4.11.7) and (4.11.8) use the mechanism from Equation 4.1, alteration is needed. If the
quantity stored is restricted only for the last hour of the quarter, then the quantity
may exceed capacity for the earlier portion of the week. Hence, each hour of the last
repeated week must be constrained. Similar to (4.11.5) and (4.11.6), Sjy,q,m| is used for
the continuity of the constraint. Secondly, the cumulative stored quantity of the last
hour for the penultimate replicated week must be identified. By subtracting Asy,,, , from
Equation 4.1, the desired value is identified. The third concept of these constraints is to
restrict all hours of the week. The variables sy, .5 are defined in constraint (4.11.3) as
the continuity of the previous hour and the net difference of production and extraction
for the current hour. With the continuity found in the first two concepts, the equation
can be reformulated by adding the net difference between production and extraction at
hour h. Hence, the formulation Z?Zl(xk,%q,i — Zky.qn) 18 included. The constraints are

illustrated in Figure 4.5.
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Figure 4.5: Storage cumulation constraints visualised

4.7 Objective function

The model aims to minimize cost of ammonia production. Hence the objective function is

defined as
Minimize : TotalCost (4.2)
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In order for the objective function to reduce cost, the definition of TotalCost mush be

established.

Eq Formula Sets Description
TotalCost =
(4.12.1) keZK TotalCAPEXy, + TotalOPE X+ Tﬁﬁfﬁfﬁ
Total RPRCY, + Total ELCY, production

4.12.2 Total CAPEX,, = CAPEXY + CAPEXP vk c K Total cost of
( ) K i

CAPEX
OPEXY + OPEXP
Total OPE X, = Lo k Total cost of
i ST || Mt
Total
B RPRCP,-CAP EX,? replacement
(4.12.4) | TotalRPRC, = Z (1+ WACC) Vk e K parts
veR replacement
cost
Total ELC), =
(4.12.5) Total ProdELCY, + TotalStor ELC), vk € K Total cost of
o + Total SBELC), + TotalCSELC}, electricity

+ TotalGridFees;,

Table 4.12: TotalCost components

Table 4.12 is used as an overview to illustrate the elements included in calculating
TotalCost. These are CAPEX, OPEX, replacement parts replacement costs, and the cost
of electricity. All these elements are further divided into more components, which will be

defined at a later stage after an overview has been established.

Total CAPE X, consists of the CAPEX of the different units and buffers. In order for
production to commence in year one, it is assumed that these are bought at the end of

year 0. Hence, the CAPEX will not be discounted.

Similar to T'otalCAPE X}, TotalOPE X}, consists of the OPEX for the different units and
buffers. However, these costs recur annually and must be discounted in accordance with
the year of the expense. Furthermore, the use of representative years requires additional

steps to calculate the cost. The OPEX for these years stays unchanged but is discounted
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at different rates by the implementation of set G. Then all discounted expenses are added

to find Total OPEX},.

Total RPRCY, differs from Total OPE X}, in that the cost reoccurs during certain years.
As a result, these costs are not to be replicated for the replicated years; hence, the set GG
is not included. Furthermore, the equation uses set R instead of Y to specify the distinct

year of the expense.

Lastly, Total ELC), includes many more components in its calculation. To better
understand the different electricity costs of production, storage, standby mode, cold
start, and grid cost, they all have their own elements. A more in-depth explanation of each
of these will be provided. But first, the components of Total CAPE Xy, Total OPFE X}
and Total RPRC,, will be defined.

Eq Formula Sets Description
U
TotC Y
(4.13.1) | CAPEXY = BCAPEXV - <ﬁ> Vke K | Unit CAPEX
k
B
l [e%
(4.13.2) | CAPEXP = BOAPEXE . ( BVVOO’; ) Vk e K | Buffer CAPEX
k
OPEXV = CAPEXV - OPEXPY OPEX as a 7 of
(4.13.3) k k k Vk e K CAPEX
OPEXF = CAPEXF - OPEXPP OPEX as a % of
(4.13.4) i i s Vk e K CADPEX
Replacement parts
(4.13.5) RPRCy = CAPEX}] - RPRCP; Vk e K cost as a % of
CAPEX

Table 4.13: Calculation Financial parameter of production calculation

Both CAPEXY and CAPEXP use Equation 3.2, but with different parameters from
each other. As highlighted in Section 3.3.2, ammonia storage is absent from this thesis,
and nitrogen buffer has its CAPEX encapsulated in the ASU CAPEX. Hence, only the
expense from hydrogen buffer CAPEX is included. To not incur the expenditure of the
ammonia and nitrogen buffers, their BOCAPEXP is set to zero. Since CAPEXP are
defined within the model, not defining them would lead to an unbounded solution as

CAPFEXP would approach infinity.

OPEXY and OPEXY are calculated based on a percentage of the CAPEX they correspond
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to. Additionally, RPRCY} uses the same approach.

The remaining element to define in TotalCost is Total ELC},.

As demonstrated in

Table 4.12, Total ELCY, is defined by five components: Total Prod ELCY, TotalStor ELCY,
Total SBELCy,, Total CSELCY and TotalGridFees,. The components are kept separate

in order to differentiate them in the cost analysis. The table has removed the Sets column,

due to the length of the equation. However, the definition of Vk € K is applied to them

all.

Eq Formula Description
T otalProdELC’;.C = ..
(4.14.1) NRG. . ELC Total electricity
o Z Z Z *(Xhen Thyah b vah) cost of production
Jr
e e (1+WACC)vt+9
TotalSBE LC’k = Total electricity
(4.14.2) Z Z Z (D nen Sbry,gn - SBNRGy - ELCy 1) cost (;Ifl’os(tieemdby
+
e (1+WACC)vt9
Tot&lC’SELCk = . .
(4.14.3) CSNRG. - ELC Total electricity
o Z Z Z * (Xnen CShyah b vah) cost of cold start
+
e (1+WACC)vt9
Total StoredCosty, Total electricity
14. TotalStoreELC), = =
(4.14.4) orarotore g Z Z (1+WACC)vty cost of storing
yeY geG
Total ELU sedy, ,, - GF Total grid fees
(4.14.5) TotalGridFees;, = Z Z

Equation (4.14.1) through (4.14.3) have the equivalent structure.

(1+WACC)vts

yeY geG

Table 4.14: Total ELC), elements

cost

First, the decision

variable is multiplied by the energy they consume and the electricity price for that specific

time period. Then, the electricity cost for all hours is added together and multiplied by P



62 4.7  Objective function

to capture the whole quarter. Each quarter is discounted to simplify the notation and is

then added together for each representative and replicated year.

Equation (4.14.4) and (4.14.5) have another layer added to them to simplify the notation.
Similar to the continuity of quantity stored in buffers, the cost aspect is also more
complicated. Additionally, TotalFFLU}, implements some of the same aspects as
TotalStoredCosty,. Additionally, the cost is linear as shown in Section 3.4.4. The

table has removed the description due to the length of the equations.

Eq Formula Sets
TotalStoredCosty,, =
(4.15.1) Vk e K
> ((SRWiygn + SCWk,y,q,h) - ELCyq1) Yy
qeEQ heH
(4.15.2) SEWiyah = Skyah - SNRGy, Vk e K
SCWhyqn = k€ K
(4.15.3) P2 h Vyey
SNRGy - Z(Sk,y,%IHI TP Aspyq+ Z(mk,y@i — Zhy.ai)) Vg € Q
p=0 = Vhe H
Total ELU sedy, ) =
> SRWiyent
VgeQ VheH
(4.15.4) D D SCWiyant Vk e K
VgeQ VheH VyeY
>N P (@hygn - NRGy + sbrygn - SBNRG
qeQ heH
+ CSk,y,q,h ° CSNRGk)

Table 4.15: Storing fees and energy usage calculations

Equation (4.15.1) specifies the electricity cost that is to be discounted in equation (4.14.4).
This equation consists of three elements: the energy used to store at each hour within the
representative week (SRWj, ,1), the energy used to store for each hour for all repeated
weeks (SCWjy . 4n) and the price of electricity. Equations (4.15.2) and (4.15.3) states
the calculations for SRWy, . and SCWj, . respectably. The variable SRW, o1, is

calculated by multiplying the quantity stored at each hour within the representative
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week by the energy required. The variable SCW},, . is harder to calculate due to the
cumulative nature of storage illustrated in Figure 4.3. To determine the cost of electricity
for repeated weeks, it is necessary to consider all hours. To find the energy requirement
for all hours, a similar approach to Equation 4.1 is used. However, instead of using the
equation to find the last hour of the quarter, the last hour of each repeated week must be
found. Similar to constraints (4.11.7) and (4.11.8), the stored amount at each hour within
the week is then calculated. Hence, the difference between constraints (4.11.7) & (4.11.8)
and equation (4.15.3) is the added element of Zf:o- To better understand the totality of

the equation, a visual representation is presented:
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Figure 4.6: Storage cost calculation visualised

Lastly, T'otal E LU sedy, ,, is the calculation of total electricity used in order to calculate the
grid fees in Equation (4.15.5). It employs the calculations of SRW, , . and SCWj, 45, in
addition to the energy used on production, standby and cold starts as shown in Equation

(4.14.1) through (4.14.3). These are all summed up for each year.

4.8 Levelized cost of ammonia

To maintain the linearity of the model, the objective function focused on minimising the
total discounted cost. However, it did not implement the discounted ammonia produced
as shown in Equation 3.1. Although it is not specified, the total can be extracted from

the results of the model and used for calculation:
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Eq Formula Sets Description
Amount of ammonia
(L) Ay = %q:) ];{(xmﬁ’y’q’h P) Vyey produced for each year
q
A Total ammonia produced
4.16.2 _ y :
( ) | Total Prod = yezy gGZG (1L WACC)w+9 discounted

Table 4.16: Discounted Ammonia calculation

Similar to previously, the use of representative weeks and years complicates the calculations,

but they follow the same premise. Hence, the equation for finding LCOA will be:

TotalCost
LCOA = Total Prod (4.3)

4.9 Complications

Initially, the model included the possibility of having HB and ASU in idle mode in addition
to all thirty years. However, this ended up being too computationally demanding. A
computer with 48 logical processors and 64 GB of RAM required more than 48 000
seconds, or 13 hours, to execute some of the scenarios in the model. This made the

analysis impractical as it had to run over 1 300 scenarios.

Therefore, strategies to reduce the computational requirements was implemented. First,
the use of representative years was instituted. Although this reduced the computational
power, it was not enough as scenarios would take multiple hours to run. Hence, a
simplification of the model was required. The decision of removing the possibility of
having HB and ASU in idle mode was based on two justifications. The first justification
was because manufacturers normally let the HB run continuously and would only stop for
maintenance purposes as highlighted in Section 3.2.3. The second justification was the
computational requirement the constraints of letting HB and ASU be idle incur. To look

through the constraints, view Appendix D.1.
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5 Analysis and Results

This chapter aims to use the information gathered so far to examine the potential benefits
of increased flexibility in ammonia production. Flexibility is the term used in this thesis
to refer to the system’s ability to take advantage of the fluctuation of electricity prices in
order to mitigate the cost of ammonia production. Examples of flexibility include having
excess production capacity, increased storage capacity, and modifications to systems that

provide more freedom.

This section begins by providing the scope of the analysis in Section 5.1. In Section 5.2 a
base case is defined to understand the functionality of the model. The analysis will begin
by creating different scenarios in Section 5.3 to 5.6. Subsequently, Section 5.7 analyses
the utilisation of the intermediate hydrogen storage. Lastly, Section 5.8 Section addresses

the uncertainty of the data selection by rerunning the outlined scenarios.

5.1 Scope of analysis

Prior to the analysis, its scope will be described. This section discusses the parameters
that are to be altered in order to determine if increased flexibility can reduce the cost of

ammonia production.

The first parameter to be altered in this analysis is the production capacity of the AE. To
find the range to be tested for, first the minimum requirement must be met. In Section
4.2, the average ammonia demand of 10 000 kg/h was assumed. Furthermore, Section
3.2.2 established that 17,7 percent of ammonia’s weight is hydrogen. Additionally, the
highest degradation of 6 percent and the conversion rate of 97 percent must be accounted

for in order for the MILP to solve the optimisation problem. This results in the minimum

10.000kg/h-17,7%

pTOdUCtiOD Capacity being: m

= 1941 kg/h. In this analysis, the minimum
size that will be considered is 2 000 kg/h. To test for flexibility, a 50 percent increase
seems sufficient. Hence, the production capacity of the AE will range from 2 000 to 3 000

kg /h, with increments for every 100 kg/h.

The calculation for the minimum production capacity of the ASU is similar to the

calculations performed above; however, there is no degradation due to the assumptions
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made in Section 4.2. In Section 3.2.2; it was stated that 82,3 percent of ammonia’s weight
is contributed to nitrogen. Along with the total conversion rate of 97 percent, the minimum
production capacity of the ASU will be: %&82’3% = 8 484 kg/h. As stated in Section
3.2.3, only two percent of the energy consumed during ammonia production is by the ASU.
Hence, there are limited cost savings opportunities by increasing production capacity.

However, when the HB process increases its production capacity, ASU’s production

capacity will be increased accordingly to prevent constraining the system.

The last production unit to be altered is the HB process. Similarly to the AE, the minimum
production capacity must be able to supply the minimum required. With the highest
degradation of 8 percent, the minimum production capacity is: % = 10 870 kg/h.
To simplify the analysis, a 20 and 40 percent increase in HB process production capacity

will be performed. Additionally, alterations to the production capacities minimum load

and ramp rate will be performed.

Lastly, alterations to the intermediate storage will be performed. Given that there is no
ammonia storage, it will not be considered. Similar to the ASU, nitrogen storage will not
be altered due to the limited savings potentials, and it will be kept at one day’s worth
of nitrogen demand. Hence, only alterations for intermediate hydrogen storage will be
performed. Given that its intermediate storage, the range of zero to one day’s worth of
necessary hydrogen supply is deemed appropriate. Hence, the capacity range will be zero

and 42 480 kg, with increments of 4 hours of necessary hydrogen supply.

To better understand the scenarios described above, a summery is provided in Table 5.1.

For an overview of all the data, view Appendix A

Scenario Base 1 2 3 4
AE: Production capacity (t/h) 2 2-3 2-3 2-3 2-3
ASU: Production capacity (t/h) 8,5 8,5 8,5-12,75 12,75 12,75
HB: Production capacity (t/h) 10,87 | 10,87 | 10.75-15 15 15
Buffer Hydrogen (t) 0 0-42,48 | 0-42,48 0 0
HB: Minimum Load (% of total) | 50% 50% 50% 20 — 50% | 20%
HB: Ramp rate (% of total) 20% 20% 20% 20% 80%

Table 5.1: Scenario overview
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5.2 Base Case

To better understand the model’s functionality, a base case is developed. This case
considers the production capacity necessary to satisfy demand, as highlighted in Section

5.1. This case is where there is no excess flexibility of the system.

To demonstrate the model’s functionality, a comparison between ammonia production and
electricity prices is illustrated in figure 5.1. The vertical axis reflects the production of
ammonia, while the horizontal axis represents hours within the first representative week
of the model. The blue line describes production, while the light green line describes the

cost of electricity.
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Figure 5.1: Production and electricity price comparison

Although this case is based on the minimum production capacity to satisfy demand, there
is still variation in production. The minimum production capacity was calculated in light
of the highest level of degradation. Hence, time periods with lower levels of degradation
will have excess production capacity. Given that the system in the figure is new, excess

production capacity exists.

The figure illustrates an inverse relationship between ammonia production and price.
However, production level is not based on the electricity price for one specific time period
but rather on the average price over the course of multiple time periods. This phenomenon

is illustrated between the hours of 75 and 100 and can be attributed to the HB’s inability
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to quickly adjust. Additionally, the limitation imposed by the HB process is further

evident with its minimum production constraint of 50 percent of total production capacity.

To get a holistic overview of production, the total production of ammonia for each
quarter will be presented. Similar to the previous figure, the vertical axis represents
production. However, the horizontal axis represents the cumulative quarters. Given the
use of representative years, the number of years was reduced from 30 to 10. Hence, the

total number of quarters is 40.
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Figure 5.2: Quarterly ammonia production

Given the yearly demand of 87 360 tonnes, an average of 21 840 tonnes per quarter would
need to be produced, which the figure illustrates with small variations. The variation

exists as a result of different degradation levels, as explained earlier.

This section has demonstrated the functionality of the model by comparing electricity
prices and production, along with illustrating the quarterly production of ammonia to

satisfy demand.

5.3 Scenario 1: AE and Hydrogen Buffer

With the functionality of the model demonstrated, analysis for the first scenario can begin.
As outlined in the scope of the analysis, the minimal production capacity of both the ASU

and the HB process necessary will be utilised. The adjustments made in this scenario
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are restricted to the AE production capacity and the hydrogen buffer capacity. Multiple
combinations will be tested to determine which combination results in the lowest LCOA,
labelled the optimal combination. A cost-driver analysis will be conducted on the optimal

combination.

The following results are obtained by running for all the different combinations. The
horizontal axis represents the production capacity of the AE, while the vertical axis
represents the LCOA. Furthermore, the diverse range of colours serves as a visual

representation of buffer storage capacity, measured in metric tonnes.
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Figure 5.3: Scenario 1: LCOA results

The results from the model show that the LCOA ranges between 919 and 959 USD per
tonne of ammonia, and the most beneficial is the combination of no excess production
capacity for the AE and the absence of a buffer. Hence, the increased flexibility is not

beneficial in this scenario.

One trend observed is the linear relationship between AE size when buffer capacity is
kept constant. For each increase in the AE, there seems to be a linear increase in the
LCOA. This suggests that the buffer is not being fully utilised. However, when there is
no buffer, the excess cost is even greater, resulting in a deeper slope. Additionally, at
2 600 kg/h or greater production capacity of the AE, it becomes more advantageous to

have the buffer than not as illustrated in Figure 5.3. Hence, the buffer is being utilised,
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but not enough to offset the CAPEX incurred. Even though buffers are not beneficial, it

might be because of how the scenario is set up. Further investigation is therefore needed.

Given the scenario of no excess production capacity, an analysis of the cost drivers should
be performed. The cost drivers are categorised into four groups: electricity cost, CAPEX,
OPEX, and cost or replaceable parts (RPRC), as highlighted in Section 3.2.5. Additionally,
the process medium the cost is associated with is indicated through colours. Lastly, the

horizontal axis describes the percentage of total cost.
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Figure 5.4: Cost driver of ammonia production

The figure illustrates that electricity costs are the primary expense in ammonia production,
with the majority being associated with hydrogen. CAPEX, OPEX, and RPRC account
for a low portion of the cost, amounting to less than 20 percent of the total lifespan cost
of ammonia production. However, the CAPEX still differentiated between the different
combinations. An additional feature to consider is how OPEX and RPRC are calculated,
as both are a percentage of CAPEX. Hence, an increase in CAPEX will also increase both
OPEX and RPRC. Nevertheless, the most influential cost driver is the electric cost, and

the primary focus should be to mitigate these costs.

To better understand the cost of electricity, it is broken down into its components. A
similar structure as in the previous figure will be utilised, with distinct categories and

their associated process mediums.



5.4 Scenario 2: Increased HB production capacity 71
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Figure 5.5: Breakdown of the electricity cost

The majority of electricity cost can be attributed to the production of hydrogen.
Additionally, grid fees account for approximately 15 percent of the overall electricity
expense. Given that the grid fees are linear, the cost will not alter if a comparable
quantity of ammonia is produced. However, if there is a decrease in production costs,
then grid fees will represent a greater portion of the overall costs. Since the optimal
combinations did not include increased flexibility in the system to produce ammonia,
it also resulted in the inability to perform a cold start and being placed in standby.

Additionally, with the absence of buffers, no storage cost can occur.

In this section, the results of scenario 1 have been presented. With no excess production
capacity of the HB process, the most optimal combination is the absence of the buffer in
addition to no excess production capacity of the AE. This resulted in a LCOA of 919 USD
per tonne of ammonia. Furthermore, an analysis of the cost drivers has been conducted.
This illustrated that the majority of costs are associated with the production of hydrogen.

Hence, the focus should be on mitigating this expense.

5.4 Scenario 2: Increased HB production capacity

As highlighted in the scope of the analysis, the production capacity of the HB process

will be increased by 20 and 40 percent, with an appropriate increase in the ASU to not
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constrain the system. These will be performed in separate scenarios, where the variations
of buffer and AE size highlighted in Scenario 1 will be tested. Then a more detailed
examination of the production trends will be conducted. Given the results of these

scenarios, the relationship between the AE and HB process will be analysed.

5.4.1 Scenario 2.1: 20 percent increase

In this scenario, the HB process has its production capacity increased by 20 percent.
Additionally, adjustments to both the AE’s production capacity and the buffer size will
be performed. Figure 5.3 will be repeated to identify the optimal combination with the
lowest LCOA.
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Figure 5.6: Scenario 2.1: LCOA results

The results show that the LCOA ranges from 915 to 946 USD per tonne of ammonia. The
most optimal combination is an AE production capacity of 2 300 kg/h and the absence of
a buffer. Compared to Scenario 1, the LCOA has been reduced by 0,5 percent from 919 to

915 USD per tonne of ammonia, indicating savings potential greater than the increased

CAPEX.

In addition, the LCOA patterns differ from those exhibited in Scenario 1. Instead of a
linear relationship when buffer capacity remained constant, it now illustrates a non-linear
relationship. However, there are some similarities to Scenario 1. When AE production
capacity remains constant, similar variance between the different buffer capacity, with the

exception of the absent buffer. This might indicate that buffers are not being utilised.
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Another observation is the correlation between the production capacity increase of the
HB process and the AE. The figure highlights that the AE production capacity increase
should cover the HB production capacity under high degradation and not its full capacity
when the unit is new. In other words, the AE should be minimised in relation to the HB

production capacity.

To better understand why LCOA has decreased, an examination of the quarterly production

can be helpful. Figure 5.2 is repeated, but with the production of this scenario.
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Figure 5.7: Scenario 2.1: Quarterly ammonia production

Ammonia production varies to a greater extent in this scenario as a result of the excess
capacity. Additionally, production patterns emerge. Quarters one and four (spring and
winter) consistently have the highest production, while quarters two and three (summer
and fall) have the lowest production. This observation aligns with the findings shown
in Figure 3.3, indicating that the average electricity prices are on average lowest during
the spring and winter seasons, while they are on average highest during the summer and
autumn seasons. Hence, the electricity savings offset the added CAPEX, OPEX, and
RPRC incurred.

To get a better understanding of the shift on an hourly basis, a similar illustration as

Figure5.1 is created for this scenario.
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Figure 5.8: Production over one week with a 20 percent increase in HB capacity

Production in this scenario exhibits similarities to production shown in Scenario 1, but
the production level is higher. Hence, there is still some variation within each quarter,

and the production output is not maximised in these quarters.

The results show that an increase in the HB production capacity is beneficial, given the
absence of a buffer and with an increase in AE’s production capacity. However, AE’s
production capacity should not exceed that of HB’s given high degradation. Furthermore,
higher levels of production happen during spring and winter and lower levels during

summer and fall. This allowed for savings greater than the added cost of increased

flexibility.

5.4.2 Scenario 2.2: 40 percent increase

This section is identical to the previous scenario, except for a 40 percent increase in the
HB and ASU production capacity instead of 20 percent. A similar LCOA graph as for

the previous scenarios will be used.
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Figure 5.9: Scenario 2.2: LCOA results

The results in this scenario illustrate an LCOA range from 927 to 951 USD per tonne of
ammonia. Similar to the previous scenario, the AE production capacity of 2 300 kg/h
and the absence of buffer is the most optimal combination. Another observation is that
the smallest LCOA is increased for this scenario compared to the others. Scenario 2.1 has
the lowest at 915 USD per tonne, while scenario 1 has a LCOA at 919 USD per tonne.
This scenario has the smallest LCOA at 927 USD per tonne of ammonia.

Another observation is that the LCOA pattern has similar characteristics to the previous
scenario; however, the slope of the curve has flattened out. Thus, the consequence of
selecting the wrong production capacity of AE is less influential. Similarly to the previous
scenarios, there is a similar variance between the buffers when the production capacity of
AE is kept constant. Hence, further investigations are required into why buffers are not

utilised.

Another observation that differs, is the rate of AE size increases in relation to the size
of the HB process. In the previous scenario, it was beneficial to increase AE to take full
advantage of the capacity of a high degradation HB production capacity, in contrast to

this scenario.

To better comprehend why LCOA increased, an illustration of its production pattern over

all quarters are presented.
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Figure 5.10: Scenario 2.2: Quarterly ammonia production

Compared to the previous scenario, it does follow similar production pattern. Nevertheless,
there are disparities. The range between the highest and the lowest production has been
contracted. This is because of the limitation the HB process introduces with its minimal
load rate at 50 percent as highlighted in Section 3.2.4. The system must produce more
during unfavourable time periods, and to compensate, produce less during favourable
times. This results in increased cost for the system compared to Scenario 2.1. With the

additional of CAPEX, OPEX and RPRC, then it becomes less favourable than Scenario 1.

Although excessive production capacity was introduced to the HB process, the results do
not indicate a beneficial outcome. Additionally, the equal combination between AE and
buffer size observed in Scenario 2.1 is the most optimal given the scenario. Furthermore,
the increase in the AE size is less in relation to the HB process size in this scenario
compared to the previous scenario. Lastly, the production pattern is comparable to the
previous scenario; however, the electricity savings are not offsetting the added CAPEX,

OPEX, and RPRC incurred by the increase in production capacity.

5.4.3 AE and HB process relation

Given that buffers are not beneficial throughout the different scenarios, the focus should
be on the relationship between the AE and HB process. To explore this relation, a similar
figure as the previously LCOA results will be presented. However, buffer capacity is
replaced with HB production capacity.
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Figure 5.11: Relation between AE and HB process size

The results from the figure illustrate that it is beneficial to have excess production capacity
to a certain degree: upwards of 20 percent (13 tonne/h) excess production capacity of the
HB process. However, the results indicates that the most optimal combination is an HB
process with a capacity of 12 tonnes/h combined with an AE of 2 200 kg/h. The other

combinations do not yield a lower LCOA, due to the reasons highlighted in Scenario 2.2.

Additionally, there is a trend present where gradual benefits exist for each HB size (except
minimum), with an increase in AE size until a threshold is met. Then there is a linear

increase as the excess production capacity cannot be utilised by the HB process.

5.5 Scenario 3: Reducing minimal load of HB

Scenario 2.2 highlighted that the 50 percent minimal load limitation of the HB process
for bigger units. This scenario will therefore focus on investigating the effect of reducing
the minimal load for a production capacity of the HB process at 15 tonnes per hour.
Given that the previous scenarios demonstrated that hydrogen buffer is not beneficial, the
parameters that will be varied are the size of the AE and the minimal load. Additionally,

the HB process and ASU will have equal production capacities to those in Scenario 2.2.

Section 3.2.4 stated that it is possible to reduce the minimal load to 20 percent; hence,

the range of 20 to 50 percent with a 10 percent increment will be analysed. Given that
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the lower minimal load is not widely available, its exact cost is not known. Hence, it is
assumed no additional CAPEX will be incurred. Although this is unrealistic, an earlier
breakdown of the cost drivers revealed that the HB CAPEX was low compared to total
cost. Hence, the modification is believed to have negligible impact on the LCOA. In the
figure, the horizontal axis represents the AE size, and the vertical displays LCOA. The

different colours represent the different minimal loads for the HB process that is tested.
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Figure 5.12: Scenario 3: LCOA results

The results illustrate a new optimal combination from the introduction of the minimal
load. Additionally, it presents cost savings opportunities exceeding those from previous
scenarios, resulting in an LCOA of 908 USD per tonne of ammonia, 1,2 percent down from
Scenario 1. However, additional CAPEX as a result of the modification is not included.
Hence the scenario overstates the reduction. Nevertheless, it is unlikely that all gains will

be lost due to the low overall CAPEX of HB process compared to the total.

There is also a trend illustrating increased advantages for larger AE systems. However,
the trend disappears after the AE is large enough to let the HB work at full capacity
under high degradation. The biggest gain is experienced when the minimum load drops

from 50 to 40 percent. Then the benefits become incremental smaller.

Compared to Scenario 2.1, the production capacity of the AE follows a similar ratio

compared to the HB process production capacity. The size of the AE is close to the



5.5 Scenario 3: Reducing minimal load of HB 79

capacity of the HB process with high degradation. In this scenario, it is slightly bigger

compared to Scenario 2.1, where it was slightly smaller.

To better understand the consequences of a reduction in the minimum load, it would be

beneficial to analyse the production patterns.
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Figure 5.13: Scenario 3: Quarterly ammonia production

Although Scenario 2.2 and 3 have identical production capacities for the HB, the variation
has expanded greatly in scenario 3 as a result of the reduction of the minimal load level.
Hence, the system experience greater freedom to produce during favourable times and
less during unfavourable times. These savings are sufficient to cover the added cost and

reduce the LCOA to beneficial levels.

To better understand the difference between the two scenarios, analysing the hourly

production can give more insights.
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Figure 5.14: Production over one week with reduced minimal load

This scenario exhibits similar hourly production patterns compared to Scenario 2.2.
However, production is elevated during favourable time periods and decreased during the
most unfavourable time periods. This is reasonable, given that the HB process has more
flexibility in determining production levels. Nevertheless, there exist other restrictions
within the system. The ASU has its own minimal production load constraint of 40 percent,
as highlighted in Section 3.2.4. Hence, it constricts the HB process down to around 6 000
kg of ammonia per hour, as illustrated. However, the ASU also has intermediate nitrogen
storage it can utilise. Hence, under exceptional circumstances, it can allow for even lower
production of the HB process as it can supply excess nitrogen. Given that an analysis of
the reduction in ASU minimal load would likely result in similar outcomes, it is excluded

from the analysis.

This scenario highlights the benefits of reducing HB’s minimal load. This modification has
increased the flexibility of the system, allowing for cost savings sufficient enough to reduce
LCOA. However, the benefit is likely overstated due to the assumption of no additional
CAPEX. Nevertheless, CAPEX of the HB process is a low portion of the overall cost;
hence, the modification is seen as beneficial. Moreover, this analysis demonstrates that
the limitation of production is not limited to the HB process but also to other units within

the system.
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5.6 Scenario 4: Increased HB ramp rate

This will be a continuation of Scenario 3, with a production capacity of 15 tonnes ammonia
per hour and a minimal load of 20 percent. However, the ramp rate will be altered and
analysed to determine its effect on the system. A 20 percent minimal load was chosen,
as it can benefit the most by an increase ramp rate. With the modification, the system
would be able to react to the volatility of electricity prices at a greater rate, introducing
savings opportunities. Although there is less evidence in literature that this modification
is ready for implementation, it can be educational to understand its effect on cost. It is
assumed there is no additional CAPEX for the implication of this modification, similar to
the previous scenario. The LCOA graph is repeated, with the modification of replacing

the minimum load with the ramp rate. The different colours differentiate them.
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Figure 5.15: Scenario 4: LCOA results

The results demonstrate the equal optimal combination as Scenario 3 with a reduction
in LCOA when the ramp rate is increased. The LCOA ended at 905 USD per tonne
of ammonia, 1,5 percent lower compared to Scenario 1. Furthermore, the majority of
reduction is gained by increasing the ramp rate from 20 to 40 percent. Considering the
additional CAPEX resulting from this modification, it is uncertain whether it is beneficial
to implement. Furthermore, this is based on a scenario where the minimal load is reduced.

Hence, the benefit experienced under a less flexible HB process is likely to be even less.
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Hence, no further investigation into ramp rates will be performed.

However, it can be beneficial to revisit the relationship between AE and HB production
capacity with a reduction of the minimal load and an increased ramp rate for the HB
process. Even though the ramp rate did not result in a meaningful reduction in LCOA, it
can be beneficial to understand how it affects the relationship between AE production
capacity.

960

940

HB size (ton/h)
- 11
- 12
13
14
e 15

LCOA: USD

920

L 4
HB size: 14 ton/h

900

2000 2100 2200 2300 2400 2500 2600 2700 2800 2900 3000

AE Produciton Capacity (kg/h)

Figure 5.16: Relation between AE and HB revisited

The relationship displays similarities to those exhibits in Figure 5.11. However, it is now
beneficial with an excess production capacity of up to 30 percent. Additionally, a new
optimal combination is found, with a production capacity of 2 500 kg /h for the AE and 14
tonnes of ammonia per hour for the HB. Additionally, the LCOA is reduced from 913 to
904 USD per tonne of ammonia. However, this is likely overstated due to the additional
CAPEX required to implement the modifications. Nonetheless, the results illustrate that
an increase in HB process flexibility increases the excess production capacity that is

beneficial for producing ammonia.

5.7 Why buffers are not advantageous

In Scenario 1, 2.1, and 2.2, the most advantageous combination was the absence of

intermediate hydrogen storage. Hence, this section is dedicated to understanding the
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rational. To make an assessment, three different conditions were created. They are all
built on the specifications from Scenario 1, with the biggest AE production capacity and
buffer. This combination was selected as it has the biggest potential to use the buffer.
The first condition includes the energy requirement highlighted in Section 3.3.1. The
second condition requires half the energy of the first condition, and the third condition

has no energy requirement to store hydrogen.

The graph below illustrates the distinction between the three conditions. The horizontal
axis of the graph indicates the cumulative quarters, while the vertical axis reflects the
average utilisation of the storage capacity. The "Normal" line is the first condition, the

"Half energy" line is the second condition, and the "No energy" line is the third condition.

== Normal Half energy == No energy

C

.© 60%

p—

@©

N

E

>

8 40%1

©

—

O

)

(7))

)

2 20% 1

3 |

| .

)

>

<

— — ‘/_-\’_\/\
0%1 = o R s T —

0 4 8 12 16 20 24 28 32 36 40
Cumulative quarter

Figure 5.17: Storage utilisation

As seen, there exists a significant disparity in the utilisation of storage between the
"Normal" and "No energy" conditions. Under normal conditions, there is little or negligible
usage of the storage capacity. In comparison, the non-energy requirements condition
shows a much larger utilisation of storage capacity. Furthermore, the "Half energy" line
exhibits just a marginal increase in storage utilisation compared to the "Normal" line.
Therefore, these findings may suggest that the expense associated with hydrogen storage

is disproportionately high compared to the potential savings that might be achieved.
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By examining the impacts it has on LCOA, a better understanding of the cost can be
gained. Given condition one, LCOA is recorded at 958,6 USD per tonne, while given
condition two, it is reduced to 951 USD per tonne. But it is not viable compared to the
other combinations shown in this analysis. In contrast, under the "No energy" scenario, a
significant decrease in LCOA is observed. Given this scenario, the LCOA is decreased
to 919 USD per tonne, which aligns with the lowest option for Scenario 1. Therefore, it
may be concluded that the energy requirement for storing hydrogen is too high, and not

beneficial, resulting in insufficient savings opportunities.

However, the "Normal" condition does utilise the storage to a small degree; in some
quarters, buffer utilisation averaged 3 percent. Therefore, there do exist instances within
the scenario where volatility may be exploited through the use of buffers. Nevertheless,
these occurrences are few and insufficient to provide significant cost reductions. If there is
a rise in the frequency of these occurrences, it might be advisable to make use of buffer

storage in order to exploit price volatility.

Another observation throughout the analysis is the production variation of the system.
Due to degradation, some excess production capacity were implemented to account for the
reduction over time. These might function as buffer without the variable cost attached.
Instead of producing excess hydrogen during one time period and then add additional
cost to store it for later use, the production can occur at times of the most favourable

time periods.

5.8 Other consideration
During this thesis, some limitations have been identified. Although the effect of LCOA

has been identified with the modifications to the production and hydrogen buffer, there
might be bias based on the data available. Hence, modifications to these may result in
different outcomes from the scenarios highlighted earlier. By altering these parameters,
the reliability of the analysis may be assessed. This section will begin by describing the

scenarios and then all the different adjustments that require alteration.

For this section, two scenarios will be retested: Scenario 1 and Scenario 4, hereafter
referred to as the original and flexible scenarios, respectively. The original scenario served

as the foundation for all subsequent assessments. If the outcomes of this sensitivity
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analysis significantly deviate from those of the original scenario, it would raise concerns
about the reliability of the results. Moreover, a flexibility scenario is included to assess
the resilience of the optimal combination in various situations. The changes to LCOA are
less important and are mostly used for the purpose of identifying the optimal combination.
The parameters requiring adjustments are variations in volatility, a decrease in electricity

prices, demand, and the situation of no degradation on the production units.

Changing volatility

In the course of the study, a 40 percent increase in volatility was applied to the aggregated
data. Forecasting volatility is challenging and warrants a rundown of different volatility
scenarios. In Section 3.4.3, three additional data sets of electricity prices were created,
involving a 20, 60, and 200 percent increase in volatility. The 200 percent volatility
is to test what transpires under extreme volatility. Though this is less realistic, an
understanding of the benefit during periods of high volatility might prove useful. To view

the difference between these and 40 percent volatility, refer to Figure 3.6.

Reduced electricity prices

In this thesis, the forecasted values shown in table 3.3 were used. They are roughly
1.8 times higher than the historical values. As with all forecasted estimations, there
are inherent uncertainties in their value, particularly when considering a time frame
of 30 years into the future. Therefore, these numbers are divided by 1.8 to establish
comparability with historical values. It is not believed that future values will resemble
historical values. However, this reduction serves as an analytical tool to examine the
influence of the outcome in both scenarios. After reducing the prices, the 40 percent

increase in volatility is added, as it was used throughout this analysis.

Demand

When designing the model, the assumption of an annual demand was created to better
understand the effects of flexibility. Nevertheless, the implementation of this approach
may present challenges for ammonia production businesses operating in realistic contexts.
Therefore, demand on various time horizons should be included. This may include a
weekly, monthly, or quarterly demand. Due to the use of representative weeks, meeting the

weekly demand would also facilitate meeting the quarterly requirement. This is because
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representative weeks are replicated for all weeks within the quarter. Based on the average
production of 10 000 kg of ammonia per hour, as highlighted in Section 4.2, the weekly
demand is calculated to be 1 680 000 kg (10,000kg/h-24h-7). Furthermore, it is necessary

to modify the demand constraint outlined in table 4.9.

Constraint ‘ Sets ‘ Description

> d VyeY Weekly ammonia demand
Z Wtk = Vg € Q must be met
heH q

Table 5.2: Changing demand constraint

No degradation

The base case highlighted the presence of a small excess production capacity in years
of minimal degradation. Given the surplus production capacity, it has the potential to
operate as a hydrogen buffer without incurring variable costs, thereby making hydrogen
storage economically disadvantageous. Hence, it may be beneficial to examine the results
in the absence of any kind of degradation. Although the scenario is not realistic, its
purpose is to examine the potential consequences of operating HB at full capacity over
extended periods of time. In the absence of degradation, it is necessary to reduce the
production capacity of HB and ASU to meet the required level of demand. This approach
enables the consistent production level of ammonia regardless of fluctuations in electricity
prices. The AE will retain the same capacity range as previously. The parameters of the

flexible model will remain unaltered since it has excess manufacturing capacity.

5.8.1 Outcomes

The outcomes from the adjustments of the highlighted are presented in two parts. First,
examination of the different outcomes for the original scenario is conducted, then the

flexible scenario is analysed.

Original
In order to facilitate an assessment of the various effects, the original scenario is presented

with its outcome alongside the adjusted parameters.
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Scenario LCOA (per Mt) AE size kg/h  H, buffer size (kg)
Original 919,165 2.000 0
Volatility 20% 905,777 2.000 0
Volatility 60% 932,551 2.000 0
Extreme volatility 1023.81 2 500 7040
Reduced price 659,147 2.000 0

Weekly demand 919,788 2.000 0

No degradation 923,395 2.000 0

Table 5.3: Sensitivity original model

All scenarios in the sensitivity analysis provide identical combinations to those in the
original scenario, with the exception of the extreme volatility. The optimal combination
for them is the absence of a buffer and no excess production capacity of the AE when
there is no excess production capacity of the HB. One significant discovery from this thesis
is therefore that the use of intermediate hydrogen storage does not provide advantageous
outcomes in terms of LCOA. The exception is when there are time periods with extreme
volatility. In these scenarios, it is advantageous to have a small buffer to compensate for

the extreme volatility. Additionally, higher AE capacity is beneficial as well.

One observation from the table is that LCOA is reduced when volatility is reduced and
increases when volatility is increased. This seems reasonable, given that the HB exhibits
less flexibility and necessitates continuous production throughout all time periods. Another
discovery is that a reduction in electricity prices leads to a significant decrease in the
LCOA. Moreover, when the demand is changed from annual to weekly, the resulting
change in LCOA is insignificant. This is reasonable due to the already limited production

variation seen in the original scenario.

Flexible

The presented table displays the outcomes of the flexible scenario along with the
adjustments present. This enables an evaluation the impacts the different scenarios

have.
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Scenario LCOA (per Mt) AE size kg/h  H, storage size
Flexible HB 904,879 2.700 0
Volatility 20% 899,088 2.700 0
Volatility 60% 910,792 2.700 0
Extreme volatility 951,796 2.700 0
Reduced price 644,824 2.700 0
Weekly demand 919,599 2.700 0
No degradation 902,236 2.700 0

Table 5.4: Sensitivity Flexible HB model

Similarly to the original scenario, it is observed that the optimal combinations remain
consistent across all scenarios. Even under extreme volatility, the optimal combination
didn’t change as it did in the original scenario. This finding reinforces the argument that
intermediate hydrogen storage is too expensive to be advantageous. The real benefit is the
excess production capacity. More accurately, the presence of surplus production capacity

in AE becomes advantageous when there is excess production capacity in HB and ASU.

The observed pattern of LCOA remains consistent with the findings of the original scenario.
One notable pattern seen in this sensitivity analysis is the rise in LCOA when the demand
is altered from an annual to a weekly basis. Nevertheless, the LCOA value remains similar
to the one presented in the previous sensitivity analysis, as seen in Table 5.3. It could be
argued that with similar cost, more flexibility is beneficial if there were great opportunity
to exploit time periods with exceptional electricity prices. However, this scenario does not
include the CAPEX of the additional modifications. Hence, it might be less beneficial if
CAPEX is significant.
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6 Discussion

Upon the completion of the analysis, discussion of the findings is necessary. This chapter
starts by providing context for the results by comparing them to existing scientific literature
in Section 6.1. Then the limitations and their consequences are highlighted in Section 6.2.

Lastly, further studies are presented in Section 6.3.

6.1 Contextualise results

While the results have been described in the previous chapter, it is still essential to

evaluate their alignment with the existing research.

The LCOA results highlighted in this thesis vary between 904 and 951 USD per tonne of
ammonia and are on the higher end of the estimate given by Cesaro et al. (2021). In their
estimations, the LCOA ranges between 500 and 1 000 USD per tonne in the year 2020,
with their base case at around 780 USD per tonne of ammonia. Furthermore, they forecast
that LCOA in 2025 will be within the range of 400 to 850 USD per tonne. Hence, the
estimation is at the higher end of their estimation. However, they had to utilise hydrogen
storage in order to mitigate the variability of solar energy. Hence, the estimations from
this study are understated compared to theirs, as hydrogen storage is expensive. However,
they had a different structure compared to this thesis, making a direct comparison difficult

(Cesaro et al., 2021).

Bose et al. (2022) aimed to estimate the differences between two scenarios. The first
scenario relied solely on RE, while the other was only connected to the grid, similar to
this thesis. In their estimation, they found an LCOA of 970 to 1 200 USD per tonne of
ammonia when the system relied on only RE. When the system was connected to the
grid, it was within the range of 540 to 640 USD per tonne, which is significantly lower
than the estimations in this thesis. However, their electricity cost was lower than the
historical values provided in this thesis. Upon reducing the electricity prices to historical
values, the estimates are close to their interval of 659 USD per tonne. Additionally, the

cost structure from this thesis is proportional to their (Bose et al., 2022).

The findings from this thesis are that excess production capacity is beneficial, while
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hydrogen storage is not. The degree of excess production depends on the flexibility of
the system. For instance, when no modifications to the capabilities of the HB process
were made, a 10 percent increase was the most beneficial. With the modifications, a 30
percent overcapacity was the most beneficial. Nevertheless, excess production capacity
was beneficial and coincided with the findings from Armijo and Philibert (2020) that
indicated an overcapacity of the HB process of 13 to 31 percent (Armijo & Philibert,
2020). Furthermore, the absence of hydrogen was the optimal choice, which is also the
consensus of the literature (Armijo & Philibert, 2020; Bose et al., 2022; Cesaro et al.,
2021).

6.2 Limitation

Throughout the thesis, certain limitations have been brought up. Though a portion has
been addressed in the previous chapter, some remain overlooked. This section will present
the primary elements that may operate as limitations. Each limitation will be explained,

and its potential influence on the analysis will be discussed.

Implication of data uncertainty

All data used in this thesis exhibit some degree of uncertainty. For instance, when
determining CAPEX of the AE, a broad cost estimation technique was used instead of a
detailed analysis of each component. Consequently, the cost will be contingent upon the
particular details of each individual project. One of the primary sources of uncertainty is
in the long-term forecasting of electricity costs. Nevertheless, the optimal combination
was unaltered when adjusting for the price. The significance of electricity price is therefore

less than first perceived.

The volatility of electricity costs is likely the most prominent factor. If the adoption of
renewable energy sources continues to grow without the availability of a cost-effective
alternative for peak shaving, an increase in volatility is likely. However, in the event of a
significant advancement in fusion power or a comparable technological, it is plausible that
the level of volatility may diminish. Nevertheless, a different volatility scenario reveals

that in all scenarios, flexibility is advantageous.
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Implication of using representative time periods

It has been emphasised that the use of representative time periods results in statistical
errors, and in our case, the volatility was reduced. To compensate for the reduction,
greater volatility was implemented in the aggregated data. However, extreme volatility
was still removed. To better understand how extreme volatility affects the data, a scenario
was created. When tested, the optimal solution for the flexible model was not altered,
but it was for the original. However, it is unlikely to have this level of volatility over a
thirty-year period. Hence, the statistical errors have a low impact on the outcome of the

analysis.

Implication of ammonia sold as its produced

In the analysis, it is assumed that ammonia is sold to consumers right after it is produced.
Though this simplifies the analysis, it avoids the additional CAPEX cost of ammonia
storage. However, CAPEX has a limited effect on LCOA, as shown in the breakdown of

the cost drivers. Hence, it is unlikely that it would alter the results of the analysis.

Implication of flat demand

Another limitation is the assumption of flat demand. Though a flat demand serves
to simplify the model and analysis, it can impact the results of the study. There
might be seasonality across different days, weeks, months, quarters, and so forth. With
significant seasonality in demand, it could alter the production pattern previously observed.
Consequently, this has the potential to alter the results of the analysis. Although the
sensitivity analysis altered annual to weekly demand, it did not address the issue of flat

demand.

Another concern is the flat demand used for the time period of the analysis, despite
projections indicating growth in the future. Nevertheless, there are uncertainties associated
with forecasted values. The rate of demanded growth is dependent upon the characteristics
of the current market and the adaptation of its potential. Incorporating demand growth
could alter the results but also introduce more uncertainty. For analytic purposes in this

thesis, it is more prudent to exclude it.
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Continuously running HB process

Initially, deactivation of the HB was incorporated. However, the computational demand
was too high. One potential outcome is that the study may provide other optimal solutions.
However, findings derived from the analysis indicate advantageous outcomes when system
flexibility is increased. Therefore, the incorporation of deactivation is unlikely to provide

alternative discoveries.

Moreover, stops due to maintenance or the replacement of wearable components is not
modelled. Although this representation does not accurately depict the system, its effects

on the findings are likely to be insignificant.

Implication of total knowledge

Another limitation is that the electricity prices are predetermined, while this information is
not easily available for management. Although the sensitivity analysis reveals comparable
outcomes between the original and flexible scenarios when weekly demand is met,
replicating the production pattern may still provide challenges for management. Therefore,

the advantages of flexibility may be lost, resulting in increased cost.

6.3 Further Studies

Two limitations were identified to have the potential to impact the findings from this thesis:
flat demand and total knowledge of cost. Given that management lacks knowledge of
future electric prices, it might be difficult to replicate the benefits illustrated in this thesis.
Additionally, fluctuating demand complicates the matter even further. Hence, future
studies should focus on management’s ability to utilise the added flexibility to investigate

if they are able to offset the added cost of the system when demand is fluctuating.

Another study can build further upon the model to investigate how different aspects
influence the optimal combination. For instance, how does the option of buying hydrogen
and nitrogen affect the optimal combination? There might exist time periods where it is
more expensive to produce the process mediums than to buy them. Additionally, how
will the option of selling the process mediums that have been disregarded in this thesis,

such as oxygen and argon, affect the optimal combination?
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7 Conclusion

The objective of this thesis has been to study how increased flexibility can leverage energy
price fluctuations in order to reduce the levelized cost of ammonia. In the context of
this thesis, flexibility refers to alterations in the production capacity of the production
units, their capabilities, and the utilisation of intermediate storage. In order to accomplish
this objective, relevant data were gathered and implemented into a multi-period, mixed-
integer linear optimisation model (MILP). Then various alterations were implemented

and evaluated in order to examine their respective impact.

The findings indicates that excess production capacity proves beneficial. More precisely,
with an increase in the production capacity of the HB and ASU, an increase in AE
becomes beneficial. However, increasing the production capacity to excessive levels,
further increases the levelized cost of ammonia. This as a consequence of the capabilities
in the system, such as the minimum load. Our findings further indicate that higher excess
production capacity is beneficial, if the capabilities of the system is improved. Additionally,
there appears to exist a correlation between the production capacity of the HB and the
AE, given a suitable increase. We find that in the optimal production state, AE should
supply the HB with hydrogen equal to HB’s available capacity given high degradation
(the lowest capacity of its lifetime). Moreover, the use of hydrogen storage is deemed too

expensive due to its high energy consumption.

We find that increased flexibility is able to offset the added cost accrued, while also
reducing the LCOA by increasing production during favourable periods and decreasing
it during unfavourable periods. However, this adaptability is only slightly beneficial
with a limited decreased LCOA of 1,5 percent. By improving the capabilities, especially
when decreasing the minimum load, we observe even more increased production during

favourable periods and less during unfavourable periods.

These findings indicates that increased flexibility in the ammonia synthesis makes green
ammonia a more competitive product, as it can more efficiently scale in line with the
fluctuations in the electricity market. While this increased competitiveness provides only a
marginal benefit of 1.5 percent. More efforts should be used in researching the possibilities

of decreasing the minimum load, as this had a bigger effect on cost savings compared to
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the ramp rate.

The findings of our study indicate that enhanced flexibility is beneficial for green ammonia
production. However, it is important to acknowledge the limitations. Firstly, an annual
demand is assumed, and seasonal variations are not accounted for. If these were to
be implemented, they might potentially alter the findings of this analysis as different
production outputs are needed. Furthermore, the analysis has total information on future
electricity prices, which is unrealistic when management plans production. Therefore,

future research should focus on these limitations.
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Appendices

A Model parameters

Some parameters have the value - and it is set to zero, either because of the findings in

Chapter 3 or due to the assumptions in Section 4.2.

Parameters AE ASU HB
NRGy 50 KWh 0.2 KWh 0,44 KWh
SNRGy, 2,5 kWh - -
PropSB;, 2% 2% -
PropCS;, 250 kWh - -
MinU,, 15% 40% 50%
TotCapy, 2 000 kg/h 8 500 kg/h 10 870 kg/h
Vol 91 240 kg 204 000 kg ;
Propy, 17, 7% 82,3% -
Conv - - 97%
MPCP - - 20%
BSizey, 40 kg/h 8 500 kg/h 10 000 kg/h
BCAPEXY | 1575000 USD | 12 325 000 USD | 33 000 000 USD
OPEXPkU 3,5% 2% 2%
BVol, 21 240 kg 204 000 kg ;
BC’APE’X,iB 10 620 000 USD - -
OPEXPP 1% - -

av 0.85 0.67 0.79

aP 0.7 - -
RPRC, 30% - 30%

Table A.1: Production unit and buffer parameters

The different columns represent the year of the degradation. In year 11, the replacement

parts are replaced; hence, degradation is reset to zero.

Unit | 1 4| 7 | 10 13 | 16 | 19 | 22 | 25 | 28
AE ] 0,75% | 3% | 5,25% | 2,5% | 2,25% | 4,5% | 4,256% | 1,5% | 3,75% | 6,0%
ASU | - - - - - - - - - -
HB 1% | 4% | ™% [333% | 3% | 6% |567% | 2% | 5% | 8%

Table A.2: Degradation: Average of their three consecutive years

Parameters Value

P 13

d 87 360 000 kg
GF 0,01247 USD
WACC 7.3 %

Table A.3: Other Parameters
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C Forecasted Values

The highlighted values are provided by Energistyrelsen (n.d.-a) and the rest are found

based on a linear relation between the provided values:

Year | Forecasted: DKK/MWh
2024 411
2025 416
2026 421
2027 426
2028 430
2029 435
2030 440
2031 433
2032 426
2033 419
2034 412
2035 405
2036 398
2037 391
2038 384
2039 377
2040 370
2041 366
2042 362
2043 358
2044 354
2045 350
2046 346
2047 342
2048 338
2049 334
2050 330

Table C.1: Forecasted Values
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D Not Utilised Constraints

D.1 Removed constraints

This demonstrates the constraint if HB and ASU were allowed to be placed in idle state.

When these models were implemented, cold start was not a component.

Constraint Sets Description
S ) > Vk e K
dleryqn 1Dy 2 - Vy € Y | Minimum duration needed
. . B : . Vq € @ | between production after the
tdlekygh-t - LDk Z,hz_I:Dk tdlek yq Vh e H machine goes idle
h > 1Dy
. Vk e K
Zdlek;,y,q,h . IDk Z Vy cY
h v Same as above, but for the
. . qeQ
tdlegy gh—1 1Dy — Z idley y.q. Vhe H first to hour IDy,
=l h>1
h < IDy
If last hour in the
|H|
Slle ID. < Z 3ille , Ul € S representative week is idle,
e £ = i HI—I D41 bt :l,y 2 g then the previous I D, hours
g must also be idle

Table D.1: Non Used constraints

I D, represents the minimum amount of time required in the idle state before it can be
turned on again. In the original model, these were used instead of the cold start constraint

that is presently implemented in the thesis model.

The first of the three constraints is the primary, with the other two serving as supplementary
measures for what it cannot constrain. It applies to all time periods within the
representative week, with the exception of the first /D, hours. The right side of the
equation determines whether there have been sufficient hours of inactivity for the machine
to start up again. If the right side does not equal zero, indicating that there have not been
enough idle hours, the present hour will have to be idle. This will also permit the machine

to be inactive for additional hours if cost savings are realized. This constraint’s flaw is
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that it omits the first /Dy hours. With this constraint alone, the first I Dy — 1 hours may
be idle while hour I D), can be idle and still follow the constraint if hour ID;, + 1 is not
idle. This breaks with reality and thus, the second constraint is needed. It follows the

same logic as the first one, only for the firs I D, hours.

The final constraint controls whether the previous I D, must also be idle if the last hour
of the representative week is idle, which is not checked by the primary constraint. In
practice, the machine may be idle at the last hour of the week, but then it must also be
idle at the start of the following week. Due to the fact that we utilise representative weeks,
such a feat is not possible without some consequence. This would imply, for instance, that
the representative week will begin and conclude in a idle state. This does not seem to be
realistic, as the sate of the machine should be reliant on the previous hours and not by
the future hours. In addition, the following quarter or year will be required to be inactive,
complicating the model even further. Due to these reasons, we assume that the idle time
cannot go over different weeks, quarters or years but must stay within the representative

week. This will reduce the model’s flexibility, thereby limiting our analysis.

This constraint operates differently than the previous two. It will examine whether the
last hour multiplied by I Dy, is less or equal than the previous /Dy — 1 hours plus the last

hour; if not, it cannot be idle. If it is, then the previous D — 1 hours must also be idle.
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D.2 Constraint Requiring adjustments

Additionally, the some HB constraints would need to be changed:

Constraint Sets Description
Maximum production
>  _ MP VyeY :
TNHsyah = TN Hsy,ah=1 Cy , Vg € Q reduction between
— Capn .y - idleN s, y.q.n vh € H | hours within the week
h>1
TNHyyqh < TNHsy,qh—1 + MPCy vy € Y | Maximum production
— MPC, -idlenmy y.qh—1 Vg e Q increase between
+ MinLnp,y - tdleNt, y.qh—1 vh € H | hours within the week
h>1
Maximum production
VyeY reduction between
x >z _ — MPC
NHs,y,q;h1 = UNHz,y,q 1é\HI . ;l Vg € Q hours of different
— YUPNH;y - VENHy,y.q,h qg>1 weeks /quarters
Maximum production
TNHgy,qh < TNHgyq—1,1H T MPCy . b
MCP. - idl VyeVY increase between
N y " VENH;y,q-1,|H] Vg e Q hours of different
+ MinLnt,y - idlen s y,g-1, 1] q>1 quarters
Maximum production
TNHsy.a,m 2 TNHsy-|cLlQLH — MPCy Vy ey | reduction between
— Capn,y - 1AleNH, yqr.hn y>1 hours of different
years
Maximum production
TN Hy b < CNHgy—|GLIQLIH| + MPCy . Il)) t
" MCOP. - idle Vyev increase between
y NHsy—|G,|Ql|H| y>1 hours of different

years

Table D.2: Haber-Bosch specific constraints
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All constraints except the standby constraint will require a more thorough explanation.
The proportion constraint is used to ensure continuity between the ammonia produced
and the required Hy and Ny. This means that in order to produce ammonia, the Hy and
N, must be removed from the buffers and added to the ammonia synthesis. Since the
proportion is known from section 3.2.2, it is multiplied by the ammonia produced for
that hour. Additionally, we must divide it by the conversion rate, as the purge rate is
3% in our case. Therefore, not all Hy and N, will be utilised in the ammonia synthesis,

necessitating a higher volume of the process mediums.

Additionally, there is the constraint of decreasing and increasing production load, which

are visualized below:
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Figure D.1: Maximum increase and decrease in production load altered constraint

The reduction is calculated by subtracting the maximal load difference in kilograms from
the amount of ammonia produced in the previous hour. In order for the HB to be placed
in idle, it must allow production to fall below the maximum load change. Therefore, if the
machine is inactive, the capacity will be subtracted from the previous hours production.
The right side of the equation can be below 0 if the machine is not producing. However,
this constraint is irrelevant in these situations because of the non negativity constraints in
table 4.9. The same logic is applied to the other maximum production decrease constraints,

but it applies to hours in different quarters/weeks or years.

Then there is the constraint for maximum increase, which is somewhat more complex.

Using the same logic as the decrease percentage, this function examines the previous
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hour and adds the maximum allowed load change in kilograms. The capacity on the
right side of the equation can exceed 100 percent. However, the maximal production
constraint in table 4.9 restricts to the capacity of the HB. The most complicated aspect
of the constraint, is when the previous hour did not produce and the current hour will
produce. In this case, we must subtract the maximum load change M CP, and add the
allowed minimum load. This is because if M C' Py is not subtracted, the first producing
hour will have a utilization load of MinU + M PC'P percent, which is not realistic for
the first producing hour after idle state. Hence, it must be subtracted and the allowed
minimum load is then added. During idle periods, the right side of the equation will
indicate that the system can produce at minimum load. However, the model is constrained

from producing due to the no producing constraint in table 4.9.

To maintain the model’s consistency, these constraints are then replicated between hours

of various weeks, quarters, and years.
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E Results

The results show the production capacity of the AE in the left column. The other column

represents the buffer size in tonnes.

E.1 Original Volatility

Original Volatility 20%

AE 0 7 14 21 28 35 42

2000 | 905,77 | 910,60 | 913,87 | 916,67 | 919,19 | 921,53 | 923,73
2100 | 908,64 | 912,77 | 916,04 | 918,84 | 921,36 | 923,70 | 925,90
2200 | 911,49 | 914,97 | 918,24 | 921,04 | 923,56 | 925,90 | 928, 10
2300 | 914,32 | 917,23 | 920,50 | 923,30 | 925,82 | 928,16 | 930, 36
2400 | 917,13 | 919,54 | 922,81 | 925,61 | 928,13 | 930,47 | 932,67
2500 | 919,93 | 921,89 | 925,16 | 927,96 | 930,48 | 932,82 | 935,02
2600 | 922,70 | 924,29 | 927,57 | 930,36 | 932,88 | 935,22 | 937,42
2700 | 925,46 | 926,73 | 930,01 | 932,80 | 935,33 | 937,66 | 939, 87
2800 | 928,21 | 929,21 | 932,48 | 935,28 | 937,80 | 940,14 | 942, 34
2900 | 930,94 | 931,70 | 934,98 | 937,77 | 940,29 | 942,63 | 944,83
3000 | 933,66 | 934,21 | 937,48 | 940,28 | 942,80 | 945,14 | 947, 34

Original Volatility 60%

AE 0 7 14 21 28 35 42

2000 | 932,55 | 936,97 | 940,24 | 943,04 | 945,56 | 947,90 | 950,10
2100 | 935,42 | 938,44 | 941,72 | 944,51 | 947,03 | 949,37 | 951,57
2200 | 938,26 | 940,02 | 943,29 | 946,08 | 948,61 | 950,95 | 953,15
2300 | 941,09 | 941,73 | 945,00 | 947,80 | 950,32 | 952,66 | 954, 86
2400 | 943,91 | 943,55 | 946,82 | 949,62 | 952,14 | 954,48 | 956, 68
2500 | 946,70 | 945,50 | 948,77 | 951,56 | 954,09 | 956,43 | 958,63
2600 | 949,48 | 947,57 | 950,84 | 953,64 | 956,16 | 958,50 | 960, 70
2700 | 952,24 | 949,71 | 952,99 | 955,78 | 958,31 | 960,64 | 962,85
2800 | 954,98 | 951,93 | 955,20 | 957,99 | 960,52 | 962,86 | 965, 06
2900 | 957,71 | 954,19 | 957,46 | 960,26 | 962,78 | 965,12 | 967, 32
3000 | 960,43 | 956,51 | 959,78 | 962,58 | 965,10 | 967,44 | 969, 64
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Original Volatility 200%

AE

0

7

14

21

28

35

42

2000 | 1026, 26
2100 | 1029, 13
2200 | 1031,98
2300 | 1034, 81
2400 | 1037, 62
2500 | 1040, 41
2600 | 1043, 19
2700 | 1045,95
2800 | 1048, 70
2900 | 1051, 43
3000 | 1054, 15

Original Half Price

AE

0

1028, 82
1026, 92
1025, 45
1024, 44
1023, 94
1023, 81
1024, 05
1024, 58
1025, 39
1026, 39
1027, 55

7

1032, 09
1030, 19
1028, 73
1027, 71
1027, 21
1027, 04
1027, 27
1027, 78
1028, 58
1029, 47
1030, 57

14

1034, 89
1032, 99
1031, 52
1030, 51
1030
1029, 84
1030, 07
1030, 58
1031,37
1032, 26
1033,37

21

1037, 41
1035, 51
1034, 04
1033,03
1032, 53
1032, 36
1032, 59
1033, 10
1033, 90
1034, 79
1035, 89

28

35

1039,75 | 1041, 95
1037,85 | 1040, 05
1036, 38 | 1038, 58
1035,37 | 1037,57
1034, 87 | 1037,07
1034, 70 | 1036, 90
1034,93 | 1037,13
1035,44 | 1037,64
1036,24 | 1038, 44
1037,12 | 1039, 33
1038,23 | 1040, 43

42

2000
2100
2200
2300
2400
2500
2600
2700
2800
2900
3000

659, 14
662,01
664, 86
667, 69
670, 50
673, 29
676,07
678, 83
681, 58
684, 31
637,03

663, 38
664, 50
665, 76
667,19
668, 78
670, 55
672,44
674, 36
676, 41
678,53
630, 71

Original Weekly Demand

AE

0

7

666, 66
667,77
669, 04
670, 46
672,05
673, 82
675,71
677, 62
679, 67
681, 79
633, 96

14

669, 45
670,57
671,83
673, 25
674, 84
676, 62
678,51
680, 42
682, 47
684, 59
636, 76

21

671,97
673,09
674, 35
675, 78
677,37
679, 14
631,03
682, 94
634, 99
687,11
639, 28

28

674, 31
675, 43
676, 69
678,12
679, 70
681,48
683, 37
635, 28
637, 33
639, 45
691, 62

35

676, 51
677,63
678, 89
630, 32
681,91
683, 68
685,57
687, 48
689, 53
691, 65
693, 82

42

2000
2100
2200
2300
2400
2500
2600
2700
2800
2900
3000

919, 78
922, 65
925, 50
928, 33
931, 14
933,94
936, 71
939,47
942, 22
944, 95
947, 67

924, 43
926, 27
928,17
930, 16
932,24
934, 40
936, 65
938, 95
941, 30
943, 67
946, 09

927,70
929, 54
931, 44
933, 44
935,51
937,67
939, 92
942, 22
944,57
946, 95
949, 36

930, 50
932, 34
934,23
936, 23
938, 31
940, 47
942, 72
945, 02
947, 37
949, 74
952,15

933, 02
934, 86
936, 76
938, 75
940, 83
942,99
945, 24
947, 54
949, 89
952, 26
954, 68

935, 36
937, 20
939, 10
941,09
943,17
945, 33
947,58
949, 88
952,23
954, 60
957,01

937, 56
939, 40
941, 30
943,29
945, 37
947,53
949, 78
952, 08
054, 43
956, 80
959, 22
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Original No degradation

AE 0 7 14 21 28 35 42

2000 | 923,39 | 926,67 | 929,94 | 932,74 | 935,26 | 937,60 | 939,80
2100 | 926,26 | 928,51 | 931,78 | 934,58 | 937,10 | 939,44 | 941,64
2200 | 929,11 | 930,43 | 933,70 | 936,50 | 939,02 | 941,36 | 943, 56
2300 | 931,94 | 932,42 | 935,69 | 938,49 | 941,01 | 943,35 | 945,55
2400 | 934,75 | 934,55 | 937,82 | 940,61 | 943,14 | 945,48 | 947,68
2500 | 937,54 | 936,77 | 940,04 | 942,84 | 945,36 | 947,70 | 949,90
2600 | 940,32 | 939,04 | 942,32 | 945,11 | 947,63 | 949,97 | 952,17
2700 | 943,08 | 941,36 | 944,63 | 947,43 | 949,95 | 952,29 | 954,49
2800 | 945,83 | 943,74 | 947,01 | 949,80 | 952,33 | 954,66 | 956, 87
2900 | 948,56 | 946,16 | 949,43 | 952,23 | 954,75 | 957,09 | 959,29
3000 | 951,27 | 948,64 | 951,92 | 954,71 | 957,23 | 959,57 | 961,77

E.2 Flexible Volatility

Flexible Volatility 20%

AE 0 7 14 21 28 35 42

2000 | 916,65 | 921,85 | 925,12 | 927,91 | 930,44 | 932,77 | 934, 98
2100 | 911,36 | 916,52 | 919,79 | 922,59 | 925,11 | 927,45 | 929,65
2200 | 907,36 | 912,49 | 915,76 | 918,56 | 921,08 | 923,42 | 925, 62
2300 | 904,27 | 909,36 | 912,63 | 915,43 | 917,95 | 920,29 | 922,49
2400 | 902,07 | 907,13 | 910,40 | 913,20 | 915,72 | 918,06 | 920, 26
2500 | 900,57 | 905,61 | 908,88 | 911,67 | 914,20 | 916,53 | 918,73
2600 | 899,58 | 904,60 | 907,88 | 910,67 | 913,19 | 915,53 | 917,73
2700 | 899,08 | 904,08 | 907,35 | 910,15 | 912,67 | 915,01 | 917,21
2800 | 901,44 | 906,05 | 909,32 | 912,12 | 914,64 | 916,98 | 919,18
2900 | 904,09 | 908,51 | 911,78 | 914,58 | 917,10 | 919,44 | 921,64
3000 | 906,81 | 910,97 | 914,25 | 917,04 | 919,56 | 921,90 | 924, 10

Flexible Volatility 60%

AE 0 7 14 21 28 35 42

2000 | 940,82 | 945,98 | 949,25 | 952,05 | 954,57 | 956,91 | 959, 11
2100 | 932,82 | 937,91 | 941,18 | 943,97 | 946,50 | 948,84 | 951,04
2200 | 926,49 | 931,52 | 934,80 | 937,59 | 940,11 | 942,45 | 944,65
2300 | 921,47 | 926,43 | 929,70 | 932,50 | 935,02 | 937,36 | 939, 56
2400 | 917,69 | 922,47 | 925,75 | 928,54 | 931,069 | 933,40 | 935,60
2500 | 914,66 | 919,51 | 922,79 | 925,55 | 928,10 | 930,42 | 932,62
2600 | 912,38 | 917,21 | 920,48 | 923,27 | 925,80 | 928,14 | 930, 34
2700 | 910,79 | 915,44 | 918,71 | 921,51 | 924,03 | 926,37 | 928,57
2800 | 912,96 | 917,13 | 920,40 | 923,19 | 925,72 | 928,06 | 930, 26
2900 | 915,69 | 919,15 | 922,43 | 925,22 | 927,74 | 930,08 | 932,28
3000 | 918,40 | 921,29 | 924,56 | 927,36 | 929,88 | 932,22 | 934,42
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Flexible Volatility 200%

AE

0

7

14

21

28

35

42

2000
2100
2200
2300
2400
2500
2600
2700
2800
2900
3000

1025, 43
1007, 90
993, 55
981,73
971,97
963, 99
957, 26
951,79
953, 54
956, 27
958, 99

1030, 37
1012, 62
998, 09
985, 80
975, 78
967,51
960, 55
954, 73
954, 08
054, 37
954, 74

Flexible

AE

Flexible Half Price

0

7

1033, 63
1015, 89
1001, 36
989, 07
979, 06
970, 79
963, 82
958,01
957, 35
957, 64
958, 01

14

1036, 43
1018, 68
1004, 16
991, 86
981, 85
973,51
966, 61
960, 80
960, 14
960, 44
960, 80

21

1038, 95
1021, 20
1006, 68
994, 39
984, 37
976, 10
969, 14
963, 33
962, 67
962, 96
963, 33

28

1041, 29
1023, 54
1009, 02
996, 73
986, 71
978,37
971,48
965, 66
965, 01
965, 30
965, 67

35

1043, 49
1025, 74
1011, 22
998, 93
988,91
980, 57
973, 68
967, 86
967, 21
967, 50
967, 87

42

2000
2100
2200
2300
2400
2500
2600
2700
2800
2900
3000

AE

668, 68
662, 04
656, 86
652, 82
649, 78
647, 56
645, 90
644, 82
647,10
649, 83
652, 55

0

673, 82
667, 10
661, 85
657,73
654, 55
652, 22
650, 49
649, 29
650, 75
652, 66
654, 56

Weekly Demand

7

677, 10
670, 37
665, 12
661, 00
657, 82
655, 50
653, 76
652, 56
654, 02
655, 93
657, 83

14

679, 89
673,17
667,91
663, 80
660, 62
658, 27
656, 56
655, 36
656, 82
658, 73
660, 62

21

682, 41
675, 69
670, 44
666, 32
663, 14
660, 81
659, 08
657, 88
659, 34
661,25
663, 15

28

634, 75
678,03
672,77
668, 66
665, 48
663, 13
661, 42
660, 22
661, 68
663, 59
665, 48

35

636, 95
680, 23
674, 98
670, 86
667, 68
665, 33
663, 62
662, 42
663, 88
665, 79
667, 69

42

2000
2100
2200
2300
2400
2500
2600
2700
2800
290
3000

933, 58
929,51
926, 50
924, 24
922, 50
921,18
920, 20
919, 59
921, 92
924, 65
927,37

938, 80
934, 69
931, 64
929, 33
927,57
926, 22
925, 22
924, 59
926, 48
928, 84
931,21

942,07
937,97
934,91
032, 61
930, 84
929, 49
928, 50
927,87
929, 75
032,11
934, 48

944, 87
940, 76
937,70
935, 40
933, 63
932,28
931,29
930, 66
932, 54
934,91
937, 28

947, 39
943,29
940, 23
937,93
936, 16
934,81
933, 82
933,18
935,07
937,43
939, 80

949,73
945, 62
942, 57
940, 26
938, 49
937, 14
936, 15
935, 52
937, 40
939,77
942, 14

951,93
947, 83
944, 77
042, 47
940, 70
939, 34
938, 36
937,72
939, 61
941,97
944, 34



116 E.2  Flexible Volatility

Flexible No degradation

AE 0 7 14 21 28 35 42

2000 | 922,77 | 927,89 | 931,17 | 933,96 | 936,49 | 938,82 | 941,03
2100 | 916,95 | 922,02 | 925,30 | 928,09 | 930,61 | 932,95 | 935,15
2200 | 912,43 | 917,45 | 920,72 | 923,52 | 926,04 | 928,38 | 930, 58
2300 | 908,92 | 913,88 | 917,15 | 919,94 | 922,47 | 924,80 | 927,01
2400 | 906,41 | 911,33 | 914,60 | 917,39 | 919,92 | 922,26 | 924, 46
2500 | 904,58 | 909,46 | 912,74 | 915,52 | 918,05 | 920,38 | 922,58
2600 | 903,24 | 908,10 | 911,38 | 914,17 | 916,69 | 919,03 | 921,23
2700 | 902,23 | 907,08 | 910,36 | 913,15 | 915,67 | 918,01 | 920, 21
2800 | 903,67 | 908,22 | 911,49 | 914,29 | 916,81 | 919,15 | 921,35
2900 | 906,40 | 910,56 | 913,84 | 916,63 | 919,15 | 921,49 | 923,69
3000 | 909,12 | 912,84 | 916,11 | 918,90 | 921,43 | 923,77 | 925,97




