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Abstract

Ammonia is one of the most produced chemicals in the world, playing an essential role in
global agriculture and industry. Traditionally produced using energy-intensive methods that are
reliant on fossil fuels, ammonia’s market dynamics are influenced by energy prices and
sustainability concerns. Additionally, concerns about a growing global population emphasized the
importance of ammonia in crop production to meet global food demand. This dissertation explores
the global ammonia market structure, analyzes the interdependencies between natural gas,
ammonia, and agricultural commodity prices, and studies the techno-economic feasibility of local
wind-powered ammonia production in Western Kansas over a 25-year lifespan.

A desk review was used to explore the global ammonia market. Meanwhile, a Vector Error
Correction Model (VECM) was used in the analysis of commaodity price data from 2014 to 2024
to assess price transmissions. Subsequently, this dissertation reviewed the technologies required
for wind-powered ammonia production and their associated costs. It also evaluated Net Present
Value (NPV), Profitability Index (P1), Internal Rate of Return (IRR), Payback Period (PBP), and
Return on Investment (ROI) for green ammonia production via four electrolysis technologies (i.e.,
alkaline water electrolysis (AWE), proton exchange membrane/polymer-electrolyte membrane
(PEM), Anion exchange membrane (AEM), and Solid Oxide Electrolysis Cell (SOEC)) and four
ammonia price scenarios (i.e. forecasted price series, average price from 2014 to 2021
($647.81/MT), average price from 2022 to 2024 ($1160.78/MT), and the highest ammonia price
($1770.42/MT)). Sensitivity analysis was conducted to examine the impact of changes in
electrolyzer efficiency and ammonia market prices on NPV.

Market analysis showed an increasing interest in transitioning from fossil-based ammonia

to green ammonia. Furthermore, the results show that there is a cointegrating relationship between



natural gas and ammonia prices, as well as ammonia prices and agricultural commodities. The
technoeconomic feasibility studies revealed that under current cost and efficiency levels, the
project is not economically feasible. Green ammonia production is economically feasible under all
wind-electrolyzer combinations at an average price of $1160.78/MT and at the fixed highest price
scenario. Sensitivity analyses revealed that green ammonia production can become competitive
with conventional production with increased electrolyzer efficiencies and unusually high prices
for conventional ammonia. This dissertation provides an integrated view of the ammonia market,
price, and production dynamics, offering insights for navigating a transition from conventional
ammonia production to green ammonia production. This research further contributes to the

literature on renewable-based pathways for industrial decarbonization.
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Chapter 1 - Introduction

1.1.Background
1.1.1. A Dual-Crisis — Greenhouse Gas Emissions and Food Insecurity

There has been a global pursuit to address two significant challenges: greenhouse gas
(GHG) emissions and food insecurity. While GHG emissions continue to rise worldwide, concerns
about food security amidst a continuously increasing global population have intensified. The
confluence of these challenges offers an opportunity to explore a unique and sustainable solution
to transition to low-carbon economies and ensure the world has access to food.

The risks posed by GHG emissions are grave and complex enough to warrant the
development of careful solutions. As the global concerns surrounding climate change intensify, it
is essential to develop innovative solutions to address greenhouse gas (GHG) emissions. The
current global emissions path surpasses the levels that are required to avert any severe climatic
outcomes. The energy sector and the agriculture sector are major contributors to GHG emissions,
with the energy sector contributing the largest share of 75.7% (Ge, Friedrich, & Vigna, 2024). One
of the largest carbon-intensive industrial processes is ammonia production. It is estimated that
about 50% of the food produced worldwide depends on ammonia fertilizer (Boerner, 2019).
Therefore, while ammonia production serves as a prime candidate for decarbonization, such a
pursuit must be undertaken with extreme care in order to sustain crop production and not create
unintended problems, such as food insecurity.

Food insecurity is a pressing global concern. Approximately 28.9% of the global
population, representing 2.33 billion people, were moderately or severely food insecure in 2023
(FAO, IFAD, UNICEF, WFP, 2024). This concern is expected to intensify as the global population

continues to increase. With an increasingly growing global population and an estimated world



population of 9.7 billion by 2050 (United Nations Department of Economic and Social Affairs
Population Division, 2022), the ammonia industry has become increasingly important for crop
production to feed the world population. The relevance of food security is further highlighted by
the United Nations' efforts to achieve food security by 2030 (United Nations, 2015). Addressing
food insecurity as well as the greenhouse gas problem requires a deliberate reimagining of the
ammonia process, with an emphasis on integrating renewable energy sources into the process.

A unique solution is necessary to address this dual crisis. Many solutions have been
explored and identified to individually address the concerns arising from greenhouse gas emissions
and food insecurity. An integrative solution is needed to address these challenges, highlighting the
implications of adopting relevant sustainable technologies. This research proposes and examines
a multifaceted and integrative approach that operates at the intersection of all the challenges
previously delineated: Green ammonia production. Green ammonia production helps to address
the negative externalities arising from conventional ammonia production and provides an avenue
through which small towns and rural (STAR) communities can continue to be catalysts in

safeguarding global food security through sustainable agricultural systems.

1.1.2. Conventional Ammonia Sources, Economic Uses, and Impact on the Environment
Ammonia (NH3) is a colorless gas manufactured using the Haber-Bosch (HB) process by
combining atmospheric nitrogen (N) and gaseous hydrogen (H). It is one of the most commonly
produced chemicals, with an annual production of over 176 million metric tons (The Royal
Society, 2020). The leading producers of ammonia in 2023 were China (29%), Russia (9.49%),
the United States (9.49%), and India (9.49%) (U.S. Geological Survey, 2024a). Meanwhile, China,

the European Union, the United States, India, and Russia are the leading consumers of ammonia



(Egerer et al., 2023), with the United States and India importing the largest amount of ammonia
worldwide (Nutrien, 2023b).

Ammonia as fertilizer in crop production accounts for more than 80% of global ammonia
production, and it is used in the form of urea and ammonium nitrate in crop production (Chen,
Perathoner, Ampelli, & Centi, 2019; Pattabathula & Richardson, 2016). The rest is used as an
industrial refrigerant, a chemical feedstock, and a water treatment compound, as well as an input
for several products like pharmaceuticals, plastics, cleaning products, textiles, and explosives
(Chen et al., 2019; Ciconkov, 2018). More recently, ammonia has been explored as an energy
carrier and as a clean fuel in both the transportation and power generation sectors (Erdemir &
Dincer, 2020; MacFarlane et al., 2020).

Albeit the numerous uses of ammonia, conventional ammonia production is emissions- and
energy-intensive. The process utilizes fossil feedstocks like natural gas, coal, naphtha, and heavy
fuel oil to obtain hydrogen and serve as an energy source for the process. As a result, conventional
ammonia production contributes to roughly 15-20% of total emissions by the chemical sector and
is responsible for 1% of global greenhouse gas emissions (IRENA and AEA, 2022). According to
Ghavam et al. (2021), greenhouse gas emissions from the traditional HB process exceed 2.16
kgCO2-eq/kg NH3 (Ghavam et al., 2021). Conventional ammonia production is also energy-
intensive, consuming about 1.8% of the global energy supply annually (The Royal Society, 2020).
It has been suggested that the process’s high energy usage is a result of the necessary hydrogen
gas production (Ghavam et al., 2021; Kyriakou et al., 2020). The commonly used traditional
ammonia production is, thus, identified as being unsustainable because the production process will
continue to have a detrimental effect on the environment if there is no change in the production

process (International Energy Agency (IEA), 2021).



Additionally, concerns about a growing global population emphasized the importance of
ammonia in crop production. Ammonia fertilizer enabled increased crop yields, necessary for
meeting the growing global food demand. According to the United Nations Department of
Economic and Social Affairs Population Division (2022), the global population is expected to
increase to 9.7 billion by 2050. Given this population projection, ammonia has become even more
important for ensuring global food security. Albeit the aforementioned relevance of ammonia,
concerns about the current unsustainable production necessitate a transition from fossil fuel-
dependent ammonia production methods towards a low- to zero-carbon ammonia production to

ensure a more resilient and sustainable future.

1.1.3. Environmental Justification for Green Ammonia

Low- to zero-carbon technologies are being developed and utilized around the world to
replace fossil fuel-based industrial processes in efforts to reduce GHG emissions. Similarly,
investments are being made to either improve the conventional ammonia production process or
develop new methods to ensure a more environmentally sustainable, energy-efficient, and cost-
effective ammonia production process (Funez Guerra et al., 2020; Jodo Sousa Cardoso et al., 2021;
MacFarlane et al., 2020; Smith & Torrente-Murciano, 2021c; Tuna, Hulteberg, & Ahlgren, 2014).
Other studies have, however, explored the alternative uses of ammonia for energy storage (The
Royal Society, 2020) and as a hydrogen carrier (Cinti, Frattini, Jannelli, Desideri, & Bidini, 2017).

Traditionally, fossil feedstocks are used to produce hydrogen for ammonia synthesis. Some
researchers suggest that ammonia can be produced free of carbon emissions by switching from
fossil-based hydrogen to water electrolysis powered by renewable energy sources such as the sun,

water, and wind. Many studies have explored the combination of these green/renewable energy



sources and water electrolysis in the production of ammonia to decarbonize the process. Water
electrolysis is used to produce hydrogen, which in turn is combined with atmospheric nitrogen to
produce ammonia.

In addition to the carbon emissions-reduction benefits of the ammonia production itself,
green ammonia is being explored as a hydrogen carrier for the efficient storage and transportation
of hydrogen. Despite the potential that green ammonia production has to revolutionize the global
fertilizer market and the energy and transportation sectors, it is important to determine if the

process is competitive.

1.2. Research Problem and Research Question

In recent decades, efforts at sustainable crop production have explored the adoption of
emerging technologies that reduce or eliminate emissions of GHG. However, these technologies
could potentially threaten the competitiveness of U.S. crop production if they are not universally
applied and enforced. This makes understanding the economic feasibility of such solutions critical
before policies are deployed to force farmers to adopt them. One of these technologies receiving a
lot of attention is green ammonia. The technical and economic feasibility of green ammonia
production is not publicly available for farmers and others interested in their well-being to
carefully evaluate it within the context of farm income sustainability. The majority of the
arguments for adopting green ammonia have focused on its advantages in reducing GHG
emissions. To this end, the problem this research seeks to address is to fill in the information gap
about the techno-economic feasibility of green ammonia production.

Connections have been established between ammonia prices and natural gas prices,

suggesting that fluctuations in natural gas prices expose farmers to unpredictable ammonia prices.



In order to justify such a project in efforts to decouple ammonia and commodity prices from natural
gas prices, this dissertation will determine the interconnectedness between natural gas, ammonia,
and agricultural commodity markets. Particularly, it will explore any existing price transmissions
between the markets. Establishing the relationship between natural gas and ammonia reiterates the
fact that, by investing in local green ammonia production, ammonia prices are more predictable.
Additionally, a localized supply chain can reduce input costs.

Based on the foregoing, the research questions for this dissertation are twofold:

1. How do current ammonia market dynamics and natural gas price volatility influence the

relationship between ammonia and agricultural commodity prices?
2. What is the techno-economic feasibility of green ammonia production under varying

emerging technology scenarios?

1.3. Research Objectives

The overall objective of this research is to address the current information gap about the
techno-economic feasibility of green ammonia production. The specific objectives of the study are
as follows:

1. Examine the key economic, geopolitical, and environmental drivers shaping the global
ammonia market, and analyze the impact of the global distribution of ammonia production
capacities on trade flows and prices.

2. Investigate the relationship between natural gas prices and the cost of ammonia production
and quantify its downstream effects on fertilizer prices and agricultural commaodity prices.

3. Evaluate the techno-economic feasibility of green ammonia production under alternative

technologies using Western Kansas as a testbed.



1.4. Outline Of Dissertation

There are three principal components to this dissertation: (i) an overview of the global
ammonia market; (ii) the interconnectedness among natural gas, ammonia, and agricultural
commodity prices; and (iii) the economics of local production of green ammonia. Chapter 2
presents a review of literature on both the traditional and green ammonia production processes and
as well as extant information on feasibility studies about green ammonia production under
alternative technologies. The review of green ammonia technologies focuses on the distinct
characteristics of each technology option. Chapter 2 further explores the relationship between
natural gas, ammonia, and agricultural commodity prices.

The research methods and data sources are presented in Chapter 3. This chapter will present
the study area. It will further cover the research design and the theoretical and empirical models
employed in the research study, identifying and defining variables obtained and utilized in the
analysis, and specifying the models. Chapter 3 will also present the data used in the study,
describing the data and the sources from which the data were obtained. In this chapter, the
assumptions made for the techno-economic feasibility analysis are presented, and the costs
associated with renewable energy inputs are discussed. The analysis is premised on the fact that
energy is a major input into green ammonia production, and access to “cheap and abundant” energy
has a critical impact on the economic feasibility of green ammonia production.

Chapter 4 provides a market analysis of ammonia. This analysis encompassed both the
global and U.S. markets, production and consumption growth, and the susceptibility of the market

to geopolitical and other shocks. It is argued in this chapter that ammonia’s role in global food



security makes it a critical commodity requiring careful evaluation of both market and policy
interventions before implementation.

Thus far, the study indicates exploring the natural gas price impact on ammonia price and
its impact on commodity prices and the techno-economic feasibility of local green ammonia
production in Western Kansas. The foregoing results are synthesized in Chapter 5. This chapter
will further present the results from the sensitivity test that examined the role of technological
improvements and ammonia prices on the profitability of investing in local green ammonia
production. Finally, the conclusion, recommendations, limitations, and future objectives will be

provided in Chapter 6.



Chapter 2 - Literature Review

2.1. Overview of Ammonia Production

Ammonia production has been pivotal for the agricultural sector and the chemical industry,
with approximately 88% of its global production used in fertilizers (Pattabathula & Richardson,
2016). Traditionally, ammonia production has used the Haber-Bosch process, relying heavily on
fossil fuels and contributing significantly to carbon emissions (Smith, Hill, & Torrente-Murciano,
2020; M. Wang et al., 2021). Thus, there is an urgent need for more sustainable production
processes. As a solution, turquoise, blue, and green ammonia production are being explored
(Mayer et al., 2023) to replace brown and grey ammonia.

Brown and grey ammonia are produced from coal gasification and natural gas-based steam
methane reforming (Brandon et al., 2021). Turquoise and blue ammonia are produced by
incorporating carbon capture in the production process. The difference between turquoise and blue
ammonia is that turquoise ammonia is produced through pyrolysis and the carbon captured is
stored as a solid (Hatzell, 2024), while blue ammonia is produced through the conventional
ammonia production process, and the carbon captured is utilized (Hatzell, 2024). Green ammonia,
on the other hand, employs renewable energy sources like wind, solar, and hydro-energy to obtain
the hydrogen component of ammonia (Arnaiz del Pozo & Cloete, 2022).

Leveraging renewable energy in its production, green ammonia has the potential to
revolutionize many sectors, including the agricultural sector for sustainable food production
(Pfromm, 2017), and the energy sector as an energy carrier to support the storage and transport of
renewable energy, as well as carbon-free fuel applications (Mallouppas, loannou, & Yfantis, 2022;
Ornes, 2021; Sagel, Rouwenhorst, & Faria, 2022; Sarangi et al., 2024). Given the advantages of

green ammonia, examining the economic feasibility of its production is crucial and has been the



focus of many studies and projects worldwide (Smith & Torrente-Murciano, 2021c; Zhang, Wang,
Van herle, Maréchal, & Desideri, 2020). To transition to green ammonia production, it is important
to understand the economic dynamics of green ammonia in order to determine its competitiveness
compared to conventional ammonia.

In summary, this literature review discusses the evolution of ammonia production,
synthesizes current research on the economic feasibility of green ammonia production, and
outlines some economic opportunities and challenges associated with transitioning from traditional
ammonia production to green ammonia production. The review further highlights the
interconnectedness between natural gas, ammonia, and agricultural commodity prices. The review
further explores the evolution of ammonia production, presents green ammonia economic

feasibility studies.

2.2. Evolution of Ammonia Production

While a shift from traditional ammonia production to green ammonia production has been
encouraged, it is essential to understand the historical context of the former in order to effectively
evaluate the technical and economic feasibility of the latter. In this section, an overview of the
Haber-Bosch process and traditional ammonia production is provided, and green ammonia

production is discussed.

2.2.1. Overview of the Haber-Bosch Process
The Haber-Bosch (H-B) process was developed in the early 20" century by German
chemists Fritz Haber and Carl Bosch (Humphreys, Lan, & Tao, 2021). Fritz Haber and his assistant

Robert Le Rossignol developed the process to produce ammonia at a laboratory scale (Haber &
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Le Rossignol, 1916; Sheppard, 2017). Carl Bosch later transformed the process into an industrial-
scale ammonia production (El-Shafie & Kambara, 2023). This revolutionary process ensured the
mass production of ammonia to meet the increasing demands for nitrogen-based fertilizers to boost
crop yields (Rosa & Gabrielli, 2023) and essentially address growing food concerns in the early
1900s (Blois, 2023; Flavell-While, 2010; Smil, 2000). Consequently, Fritz Haber and Carl Bosch
were awarded the Nobel Prize in Chemistry in 1918 and 1931, respectively, for their contributions
to this process (Erisman, Sutton, Galloway, Klimont, & Winiwarter, 2008).

Over the past century, the conventional Haber-Bosch (HB) process has become the
standard approach used to synthesize ammonia, combining atmospheric nitrogen (N2) and
hydrogen (H2). Hydrogen has traditionally been obtained from fossil fuels like natural gas, coal,
heavy fuel oils, and naphtha (Bicer, Dincer, Vezina, & Raso, 2017). Globally, approximately 96%
of ammonia is produced using the H-B process (Juangsa, Irhamna, & Aziz, 2021).

The chemical process, summarized in Equation 2.1, involves a reaction between
atmospheric nitrogen and extracted hydrogen from a fuel source with an iron-based catalyst
(Singh, Mohammed, AlHammadi, Shetty, & Polychronopoulou, 2023) under high energy and
pressure. The ammonia synthesizing process is energy-intensive. The standard operating
temperature typically ranges between 400°C and 650°C, while the typical pressure range for the
process lies between 100 and 400 atmospheric bars (International Energy Agency (IEA), 2021).
The process necessitates high energy to allow for the breakdown of nitrogen’s strong triple bond

(Ponikvar, Likozar, & Gyergyek, 2022).

N, + 3H, & 2NH,

Equation 2.1
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2.2.2. Steam Methane Reforming

Traditional ammonia is predominantly manufactured using the Steam Methane Reforming
(SMR) process (The Royal Society, 2020). A little more than 70% of ammonia is produced through
steam reforming of natural gas (International Energy Agency (IEA), 2021), while 22% is produced
through coal gasification (Yapicioglu & Dincer, 2019). The remaining portion of ammonia is
produced from alternative sources, with fuel oil contributing 4%, Naphtha accounting for 1%, and
other techniques making up the remaining 1% (Bicer, Dincer, Zamfirescu, Vezina, & Raso, 2016).

This review focused on the most used, least energy-intensive, and economical SMR (Bicer
et al., 2016). SMR primarily uses natural gas to produce hydrogen. According to Ekejiuba (2017),
the SMR process takes place in six stages: (1) natural gas desulfurization, (2) catalytic steam
reforming, (3) carbon monoxide (CO) shift, (4) carbon dioxide (CO2) removal, (5) methanation,
and (6) ammonia synthesis (Figure 2.1). While the first, third, fourth, and fifth stages focus on
eliminating impurities such as sulfur, CO, CO., and water (H20) from the feedstock, hydrogen,
and synthesis gas streams, in the second stage, hydrogen is generated, and nitrogen is introduced
into the two-step process via air (US Environmental Protection Agency (EPA), 1991). The final
stage converts the synthetic gas into anhydrous ammonia. It is important to note that while this
core process is standard across all ammonia plants, variations exist in operating conditions such as
pressure, temperature, and feedstock quantities, tailored to each plant’s specific design and
requirements (US Environmental Protection Agency (EPA), 1991).

The hydrocarbon feedstock typically contains sulfur, which must be removed by a
desulfurization process prior to the reaction described in Equation 2.1. Desulfurization is necessary
to prevent sulfur from deactivating the process catalysts. It involves passing the feedstock over a

desulfurization catalyst — usually cobalt molybdenum — at high temperatures (500 to 800°F) and
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high pressures (200 to 600 psi). The sulfur compounds are then reacted with hydrogen to form
hydrogen sulfide (H2S).

Primary reforming takes place after feedstock desulphurization. After the natural gas
undergoes treatment during the desulphurization process, it is combined with steam. At
temperatures between 400°C and 600°C, the gas-steam mixture is introduced into a primary
reformer, which is equipped with numerous high-nickel chromium alloy tubes packed with a
nickel-based reforming catalyst (The Institute for Industrial Productivity (11P), n.d.). Equation 2.2
shows the reaction between the methane and steam over the nickel catalyst under high temperature
and pressure conditions, where approximately 70% of the methane is converted to hydrogen and

carbon monoxide (US Environmental Protection Agency (EPA), 1991):

CH, + H,0 - CO + 3H,

Equation 2.2

A further conversion of additional methane (CH4) to carbon monoxide occurs, and the
resulting exit gas is transferred to a secondary reformer. In the secondary reformer, the exit gas is
combined with compressed air that has been preheated to approximately 540°C. A carefully
measured amount of air is added to ensure that the synthesis gas produced achieves a desired
hydrogen-to-nitrogen molar ratio of 3:1. The gas leaving the secondary reformer is cooled to
approximately 360°C using a waste heat boiler (US Environmental Protection Agency (EPA),
1991).

In the third stage, the cooled gas from the secondary reformer is introduced into a high-

temperature carbon monoxide shift converter, particularly under temperatures between 700 and
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850°C and within a pressure range of 3 to 25 bar (Acar & Dincer, 2018). A water-gas shift reaction

is then employed to convert the carbon monoxide into more hydrogen, as shown in Equation 2.3:

CO + H,0 - CO,+ H,

Equation 2.3

Following the water-gas shift reaction, carbon dioxide is removed from the final shift gas.
Various techniques, such as monoethanolamine (MEA) scrubbing or hot potassium scrubbing, are
used in this stage, with about 80% of ammonia plants opting for MEA (US Environmental
Protection Agency (EPA), 1991).

Methanation is then employed to convert any residual carbon dioxide into methane. This
step is undertaken using a nickel catalyst at high temperatures and pressures to reduce the carbon
content in the gas, emphasizing clean hydrogen production. Methanation traditionally involves the

reaction between carbon monoxide and hydrogen to produce methane, as shown in Equation 2.4:

CO+3H, » CH,+ H,0
Equation 2.4
Finally, hydrogen and nitrogen are combined under high temperatures and pressures over
a catalyst, usually an iron-based catalyst. This reaction is shown in Equation 2.1. This reaction

is exothermic.
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Figure 2.1: Steam Reforming Process
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For over a century, the traditional ammonia production process has been pivotal for
industrial-scale ammonia production, which has been used predominantly as fertilizers for crop
production (Yiizbasioglu, Avsar, & Gezerman, 2022). However, the dependence of traditional
ammonia production on the Haber-Bosch process and fossil fuels for hydrogen generation has
made traditional ammonia production an energy-intensive and emission-intensive process,
accounting for approximately 1.8% of global carbon dioxide emissions (Mohamed & Bicer, 2021;
The Royal Society, 2020).

The process not only has negative environmental consequences, but it also creates a direct
link between ammonia prices and the unpredictable fluctuations of the natural gas markets. For
example, the Russian-Ukrainian war led to increases in natural gas prices (Yu, Sun, Huang, &
Huang, 2023). According to the U.S. Energy Information Administration (2024), Henry Hub
Natural gas spot prices increased from $2.71 per Million Btu in January 2021 to $8.81 per Million
Btu in August 2022 (U.S. Energy Information Administration, 2024c). Meanwhile, ammonia
prices peaked from $494.59 in January 2021 to $1606.10 per ton in July 2022 (USDA-AMS,
2024).

With the established link between natural gas prices and ammonia prices, using electrified
ammonia synthesis that relies on green energy becomes an attractive solution. This is particularly
significant for low- to middle-income countries as well as farming communities, decoupling them
from natural gas market shocks and ensuring production is near consumption (Munasinghe &
Krimer, 2024). Local green ammonia production ensures that these countries and communities
have a stable fertilizer supply by gaining greater control over fertilizer production, reducing

dependence on external suppliers, avoiding any disruptions to the ammonia supply chain, and
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minimizing transportation-related risks and costs resulting from adverse conditions like weather,

delays, and labor strikes (Kirk et al., 2024).

2.2.3. Green Ammonia Production

In response to the environmental impacts of traditional ammonia production, green
ammonia production has become a much-talked-about solution in the search for more sustainable
ammonia production methods (Bora et al., 2024). Green ammonia production refers to the 100%
renewable energy-powered and carbon-free process of synthesizing ammonia (B. Lee et al., 2022).
The green ammonia production process involves combining hydrogen derived from splitting water
cells with the nitrogen captured from the atmosphere. Instead of natural gas and other fossil fuels
used in the synthesis of traditional ammonia, green ammonia sources its production energy from
only renewable sources — wind, solar, and hydroelectric energy. Because it does not use methane,
the SMR is not part of green ammonia production, and hydrogen is produced using electrolysis.
The rest of the production process for green ammonia is essentially the same as traditional
ammonia. The production of hydrogen occurs through electrolysis, while nitrogen is retrieved from
the atmosphere with the utilization of an air separation unit (Qi et al., 2022).

The technical and economic feasibility of green ammonia production is influenced by
several drivers, both technical and economic (Souissi, 2024). In the subsections that follow, the
literature on the technical feasibility of green ammonia production is discussed. It highlights the
available electrolysis technologies for hydrogen production and their characteristics, air separation
for nitrogen production, and the modified Haber-Bosch process for ammonia synthesis. They also
discuss the economic feasibility of green ammonia production and identify the gaps that make this

dissertation relevant.
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2.2.3.1. Water Electrolysis and Hydrogen Production

Electrolysis is a process that uses electricity to engender a non-spontaneous chemical
reaction (Ahmad Kamaroddin et al., 2021; Sapountzi, Gracia, Weststrate, Fredriksson, &
Niemantsverdriet, 2017). It causes the decomposition of an otherwise stable compound into its
molecular or atomic components. It has become an important process in the generation of green
hydrogen for the production of ammonia. Recall that hydrogen in ammonia production has
traditionally been produced through the SMR process, which has carbon monoxide as a byproduct
that has made ammonia production a major contributor to GHG emissions. Therefore, this
technology plays a pivotal role in decarbonizing both energy and industry processes (Pozio, Bozza,
& Nigliaccio, 2021). Electrolysis refers to the technique that uses electric current to induce a
chemical reaction to separate or break down molecular compounds. It is used profoundly by
industries to produce the hydrogen component of ammonia by splitting water (H2O) into hydrogen
(H2) and oxygen (O2) gases (Acar & Dincer, 2018; Office of Energy Efficiency and Renewable

Energy, n.d.). The water electrolysis equation is presented in Equation 2.5

1
H,0 + electricity — H, + 502

Equation 2.5

Electrolysis requires the use of an electrolyte — a solution or a molten substance capable of
conducting electricity — as the carrier of the electricity. For water electrolysis, the common
electrolytes used are sulfuric acid (H2SO4) or potassium hydroxide (KOH) (Gorensek, Staser,
Stanford, & Weidner, 2009; Krishnan, Fairlie, Andres, De Groot, & Kramer, 2019). Two

electrodes are then placed in the electrolyte: one positive electrode (anode) and one negative
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electrode (cathode) (Yue et al., 2021). The anode and cathode are separated by a diaphragm or
membrane (Smolinka, 2009). With the application of the electric current, oxidation to produce
oxygen gas occurs at the anode while reduction to produce hydrogen gas occurs at the cathode
(Mohamed Jan, Bin Dahari, Abro, & Ikram, 2022; Yuvaraj & Santhanaraj, 2014).

A few supporting technology options for water electrolysis have been developed, each
designed with different operational requirements and efficiency levels. These options include
alkaline water electrolysis (AWE) (Figure 2.2), proton exchange membrane/polymer-electrolyte
membrane (PEM) (Figure 2.3), Anion exchange membrane (AEM) (Figure 2.4), and Solid Oxide
Electrolysis Cell (SOEC) (Figure 2.5) (IRENA, 2020; Sebbahi et al., 2024). These water
electrolysis technologies can be differentiated based on the type of electrolyte utilized in the
electrolysis cell (Smolinka, 2009). The choice of electrolytes directly influences the key aspects
of the water electrolysis process, including energy efficiency, operational conditions, and potential
applications of each technology (S. Wang, Lu, & Zhong, 2021). The by-product of the electrolysis

process is pure oxygen (Shiva Kumar & Himabindu, 2019).
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Table 2.1 presents a comparison of the different electrolyzers by their different principal
characteristics. It shows that AWE and AEM use alkaline liquid and solid electrolytes,
respectively, while PEM uses an acidic solid, and SOEC, as implied by the name, uses a solid

oxide electrolyte. A major factor for the economic feasibility of the different electrolyzers is their
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energy requirements, which have direct implications for their operating costs. While SOEC is rated

to require temperatures in 650°F to 1000°F, both PEM and AEM operate in the 50°F to 90°F range.

With the exception of AWE, electrolyzers for hydrogen production are in research and

development or pilot-scale production. This suggests that the technical feasibility of these

technologies have to be simulated even as their economics are being established.

Table 2.1: Comparison of Alternative Water Electrolysis Technologies.

Alkaline Water Proton Anion Solid Oxide
Electrolysis Exchange Exchange Electrolysis
(AWE) Membrane Membrane Cell (SOEC)
(PEM) (AEM)
Electrolyte Alkaline liquid Acidic solid Alkaline solid Solid oxide
(polymer) (polymer) (ceramic)
Catalyst Ni, Co, Fe Pt/C/Ir/1rO2 Ni, Co, Fe Ni, YSZ
Operating 60-100 50-90 50-90 650-1000
Temperature
Pressure (bar) 25-30 30-80 ~30
Manufacturing Low High Low
costs
Gas Purity >99.5% >99.999% >99.99% 99.9
Lifetime 10 years 3-4 years
Technology Mature Commercial for Research and
Status small-scale Development
Leading
Companies e Hydrogen Pro e CumminsInc |e Enapter e Bloom
e John e ITM Power Energy
Cockgrlll e Ohmium e FuelCell
e Longi e Plug Power Energy
e Nel e Siemens e Sunfire
e Sunfire Energy e Topsoe
e Sungrow e Sungrow
e Thyssenkrupp

Source: Compilation of Flis & Wakim (2023); Guo et al. (2019); Pozio et al

et al. (2021); Xu et al., (2022)
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2.2.3.2. Air Separation for Nitrogen Extraction

Nitrogen makes up about 78% of the Earth’s atmosphere and exists in the form of an
odorless, tasteless, and colorless gas at room temperature. It is the key ingredient in all living
things, essential for protein, cells, and DNA construction and repair. It is its essentiality for life
that nitrogen, in the form of ammonia fertilizer, has become so critical to crop production. Recall
from Equation 1.1 that ammonia is the fusion of hydrogen with nitrogen. The hydrogen obtained
from the electrolysis process described above is combined with nitrogen extracted from air to begin
the ammonia production process. Because there are other elements in the Earth’s atmosphere, the
nitrogen is contaminated when extracted and must be separated from the rest of the atmosphere’s
elements — oxygen (20.95%), argon (0.93%), and carbon dioxide (0.04%) as well as neon, helium,
methane, krypton, and hydrogen in trace quantities (NOAA, n.d.).

Separating nitrogen from air requires an air separation unit, and the most common air
separation techniques include pressure swing adsorption (PSA), cryogenic distillation, and
membrane separation (Lemcoff, 1998). For the separation of nitrogen, the standard separation
process is PSA or membrane separation, while cryogenic distillation is the most common for large-
scale production. Cryogenic distillation involves the liquefaction of the air by reducing its
temperature to below -150°C and feeding the liquid air into distillation columns where the different
components are separated using their boiling points. With nitrogen having the lowest boiling point
of the other elements in air, it is the first to vaporize and may be collected at the top of the
distillation column.

PSA uses zeolites and similar adsorbent materials to selectively adsorb specific gases at

high pressure. When used in air separation, a PSA unit typically cycles between high pressure
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(adsorption) and low pressure (desorption) to separate nitrogen or oxygen. At high pressure, the
adsorbent material captures nitrogen molecules, allowing oxygen-rich air to pass through, and at
low pressure, the adsorbed nitrogen is released, and the process repeats. The literature shows that
PSA is a more energy-efficient process for separating nitrogen with moderate purity on a small
scale. Membrane separation is based on the different permeation rates of gases through the
membrane that is employed for the process. When air is passed through the membrane, nitrogen
and other gases with higher permeation rates pass through more easily, while oxygen and other
gases with lower permeation rates are retained. Although membrane separation is generally more
compact and energy-efficient than cryogenic distillation, it may not achieve comparable purity
levels. The nitrogen extraction is powered by renewable energy to ensure that the entire green
ammonia production process remains carbon neutral (Bora et al., 2024). The nitrogen generated
via air separation and the hydrogen obtained via water electrolysis are then directed into an

ammonia synthesis process.

2.2.3.3. Modified Haber-Bosch Process for Ammonia Synthesis

The production of ammonia actually occurs using the Haber-Bosch process — the efficient
fusing together of nitrogen and hydrogen molecules. A major by-product of the process producing
traditional ammonia is carbon dioxide because of the use of hydrogen produced from fossil
feedstock. The use of water electrolysis for hydrogen production eliminates the carbon dioxide by-
product, allowing the ammonia produced with this hydrogen to be cleaner. If the energy source is
also carbon-free, then the output of ammonia qualifies as green ammonia. The Haber-Bosch
process requires high energy and high pressure, and the focus has been on reducing these demands

to enhance the economics of green ammonia production. A critical factor in this transition is the
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energy source for both the electrolysis and the reactor, emphasizing the need for renewable energy
integration to lower carbon emissions and enhance economic viability.

As a subsequent step, the hydrogen and nitrogen are then combined using a modified
Haber-Bosch process (B. Lee et al., 2022). Researchers have continuously pursued modifications
to address the shortcomings of the traditional H-B process, aiming at sustainable ammonia
production (Ghavam et al., 2021). Generally, these modifications aim at utilizing renewable
electricity, enhancing energy efficiencies, and reducing greenhouse gas (GHG) emissions.
Modifications include the use of alternative separation techniques and advancements in the
development of new catalysts for ammonia synthesis (Tian, Li, Chen, Tang, & Wu, 2024a).

Some researchers have explored alternative separation techniques. The traditional H-B
process uses energy-intensive condensation methods to separate ammonia from the synthesis loop
(Shi et al., 2022; Smith & Torrente-Murciano, 2021b). As a solution, researchers have made
modifications to use absorption and adsorption techniques, enabling ammonia removal at lower
operational temperatures and pressures (Brown, 2017). Malmal et al. (2018) avoided the
condensation stage in the H-B process and employed a reaction-absorption process to synthesize
ammonia at significantly low pressures (20 bar) as compared to the traditional process, which
requires about 150-300 bar. Starfire Energy has also examined the use of a fast ramp reactor in
place of the steady-state H-B reactor (Brown, 2017). According to Starfire, the steady state reactor
does not ramp — turn on and off — quickly with intermittent green energy sources like wind and
solar energy (Brown, 2017).

Another modification to the H-B process is catalyst development and improvements in the
synthesizing processes of these catalysts (Anello et al., 2024; Kamiguchi et al., 2024; Office of

Science, 2021; Tian, Li, Chen, Tang, & Wu, 2024b). The traditional Haber-Bosch process
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synthesizes ammonia at high temperatures and pressure over an iron-based catalyst. The process
is energy-intensive. Catalysts are being developed to ensure efficient ammonia synthesis by
reducing energy requirements (Anello et al., 2024). Researchers have sought to address the
thermodynamic and kinetic constraints faced by the traditional ammonia process (Smith &
Torrente-Murciano, 2021a). These improvements, requiring lower temperatures and pressures,

reduce the energy footprint of ammonia production.

2.3. Green Ammonia Projects and Feasibility Studies

Over the past several decades, researchers have explored various avenues for decoupling
the ammonia production process from fossil energy and fossil-based hydrogen to guarantee that
carbon is eliminated from the process (Fasihi, Weiss, Savolainen, & Breyer, 2021). Interest in
producing green ammonia has risen not only for its carbon emission reduction but also for its
ability to serve as a viable way to store and transport renewable energy (Giddey, Badwal,
Munnings, & Dolan, 2017).

Technology providers like Topsoe, Yara International, Skovgaard Energy, Vestas, Hive
Energy, ACWA Power, and CWP Global are developing technologies and plants that will employ
renewable energy in the production of hydrogen and ammonia (ABB, 2023; ACWA Power, n.d.;
AmmPower, 2022; CWP Global, 2022; Energy Capital and Power, 2022; Frghlke, 2021; Hive
Energy, n.d.; Morlanés et al., 2021; Njovu, 2023; Skovgaard Energy, 2021). Meanwhile,
researchers are also studying the utilization of renewable energy in ammonia production (Reese et
al., 2016; Smith & Torrente-Murciano, 2021c; Tuna, Hulteberg, & Ahlgren, 2014; L. Wang et al.,
2018). Additionally, a few countries and several organizations are funding programs that are

developing these technologies and building green ammonia plants (Shumkov, 2023; University of

25



Maryland Center for Environmental Science, 2023). The success of these initiatives promises to
alter the current problem ammonia poses to GHG emissions and reduce the potential risks of GHG
regulation to farmers and global food security.

Smith and Torrente-Murciano (2021c) discuss the potential of using green ammonia to
contribute to agricultural production and economic development in Sierra Leone, using renewable
local hydroelectric power as an energy source (Smith & Torrente-Murciano, 2021c). They
explored deriving the hydrogen component from water electrolysis. Reese et al. (2016) explored
technologies that utilize renewable wind energy in a local small-scale ammonia production plant
in Morris, Minnesota (Reese et al., 2016). Wang et al. (2018) suggested solar-powered ammonia
synthesis (L. Wang et al., 2018). Tuna et al. (2014) also investigated green ammonia produced
using wind energy, biogas, and woody biomass across different plant sizes (Tuna et al., 2014). The
authors discovered that biomass was the most promising, offering the lowest cost of production.
While some studies have touched on the technical feasibility of green ammonia production, few
have explored the production costs of producing green ammonia and hence its economic
feasibility. Projects and studies exploring the techno-economic feasibility of green ammonia

production will be further discussed in detail in subsequent sections.

2.3.1. Renewable Ammonia Projects

Leading ammonia producers have heavily invested in green ammonia projects across the
globe. Topsoe, Yara International, and other companies in the crop nutrients industry are
developing technologies that will employ renewable energy in ammonia production (Morlanés et
al., 2021). Skovgaard Energy, Topsoe, and Vestas have partnered to build a new technology
Power-to-X (PtX) plant that will harness excess wind and solar energy for the production of

ammonia in Denmark (ABB, 2023; Frghlke, 2021; Skovgaard Energy, 2021). This DKK 81.4
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million (~USD 12m) project is in collaboration with ABB and financed under the Danish
government’s Energy Technology Development and Demonstration Programme (EUDP)
(Shumkov, 2023). The plant is expected to produce 5,000 tons of green ammonia annually
(Skovgaard Energy, 2021). Skovgaard Energy suggests that the PtX project represents a pivotal
milestone for Denmark, focusing on storing and converting green energy into green ammonia
rather than solely supplying energy to the grid. Furthermore, PtX is essential for achieving both
Danish and European climate goals.

Hive Energy is constructing a $4.6 billion green ammonia plant in Coega, South Africa,
which will be powered by 15 GW of renewable energy. Hive intends to construct a 1000 MW solar
farm nearby that will supply renewable energy to the plant (Hive Energy, n.d.). ACWA Power is
currently developing renewable ammonia projects in Indonesia, Uzbekistan, and Saudi Arabia
(Njovu, 2023b). The Indonesian project is expected to produce 150,000 tonnes of green ammonia
annually, which will be powered by 600 MW of wind and solar energy. The project in Uzbekistan
is projected to produce 500,000 tonnes of green ammonia yearly, powered by 2.4 GW of wind
energy. ACWA Power, in partnership with NEON and Air Products, is developing a $5 billion, 4
GW green ammonia plant in Saudi Arabia that will produce 1.2 million tonnes annually, depending
on solar and wind energy (ACWA Power, n.d.).

Finally, CWP Global is establishing the AMUN project in Morocco, which will be powered
by 15 GW of solar and wind energy, and the AMAN project in Mauritania, which will be powered
by 30 GW of solar and wind energy. The AMUN project is expected to produce up to 4 million
tons of ammonia annually, while the AMAN project is predicted to produce about 10 million tons

of green ammonia per year (CWP Global, 2022; Energy Capital and Power, 2022). However,
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companies like Siemens, NEL Hydrogen, ThyssenKrupp, ITM Power, and McPhy Energy

maintain dominant positions in the green ammonia market (AmmPower, 2022).

2.3.2. Economic Feasibility Studies on Green Ammonia

Some scholars have conducted technical and/or economic feasibility analyses to ascertain
whether green ammonia production is competitive relative to the traditional ammonia production
method. Morgan et al. (2014) assessed the technical and economic performance of wind-powered
ammonia production in Monhegan Island, Maine, to reduce the island’s reliance on diesel fuel.
Their study employs alkaline electrolyzers for producing hydrogen, a mechanical vapor
compression desalination unit to purify water, a pressure swing adsorption for nitrogen extraction,
and an H-B synthesis loop. Morgan et al. (2014) assumed a 20-year project life, simulating several
wind turbines for ammonia capacities ranging from 0 to 1.5 tons per day. The results suggest that
ammonia production using wind energy has the potential to be a viable and sustainable energy
solution. Particularly, the price of diesel and wind speed were the most relevant parameters
(Morgan et al., 2014). Whereas the authors focused on small-scale ammonia production, this
dissertation explores large-scale ammonia production.

Kakavand et al. (2023) presented a technical and economic evaluation of green hydrogen
and ammonia production in multiple locations in Iran, relying on wind and solar energy. Given
that Iran is a semi-arid country, the authors explored how desalinated seawater in combination
with PEM electrolyzers could be used for electrolysis to produce hydrogen. The study assumes an
ammonia output of 1,215 tons per day and a project lifetime of 20 years. The project was modeled
across three scenarios: (i) power generation inland with hydrogen production and ammonia

synthesis at the export harbor, (ii) power generation, and hydrogen and ammonia production inland
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with ammonia piped to the harbor, and (iii) power generation and hydrogen production inland with
hydrogen piped to the harbor for ammonia synthesis. The results of their study indicated that the
minimum levelized cost of green hydrogen ranged from $2.94 to $3.32 per kgy,while that of
ammonia ranged between $580 and $641 per tyy, (Kakavand et al., 2023). The study further
ascertained that Scenarios 1 and 2 were relatively more economically viable, while Scenario 3 was
less economically feasible due to the costs of transporting hydrogen. Two-thirds of the total
ammonia production costs were attributed to the power generation system. Finally, in their review
of several studies, Kakavand et al. (2023) highlighted that the financial feasibility of green
ammonia production is influenced by financial assumptions, location, plant size, and the
interaction with the existing power grid.

Funez Guerra et al. (2020) evaluated the techno-economic feasibility of solar-powered
green ammonia production in Chile to be exported to Japan (Funez Guerra et al., 2020). Their
study highlights the potential for Chile to take advantage of its high solar irradiation rates and the
favorable conditions that support the growth of the solar industry, while profiting from exports to
Japan. Flinez Guerra et al. (2020) employed a polymeric electrolyzer (PEM) with a capex of 450
€/kW to produce hydrogen for an assumed ammonia production of 123,400 t/year. Financing
assumptions include: a 70:30 debt equity ratio, a Weighted Average Cost of Capital (WACC) of
8%, an ammonia sales price of 450 €/t, and a project lifetime of 25 years. The results of their
analysis indicated that such a project would be technically and economically feasible with a net
present value (NPV) of €77,414,525 and a payback period of 7.62 years.

Osman et al. (2020) investigated how the UAE could leverage its abundant solar energy to
produce ammonia. The authors conducted feasibility studies focusing on desalination, electrolysis,

air separation, refrigeration, and storage. The study evaluated both the AEM and PEM
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electrolyzers and assumed a conventional H-B process efficiency of 14 to 16 MWh/tyy, that

would produce 1840 metric tons of ammonia per day. Osman et al. (2020) found that the project
is competitive with traditional ammonia production with an estimated levelized cost of ammonia
(LCOA) of $718/ton-NH3 relying on 3.5 GW of PV and 0.24 GWh of battery storage. Feasibility
outcomes were sensitive to plant size.

In another study, Sousa et al. (2022) conducted a techno-economic feasibility study of
green ammonia production in Norway using the proton exchange membrane water electrolysis
(PEMEL) and powered by hydroelectric energy. Their analysis was based on a 25,000 MT annual
production capacity plant and a 1 MW PEM electrolyzer using hydroelectric power. The estimated
NPV, Internal Rate of Return (IRR), and Payback Period (PBP) were, respectively. Consequently,
the hydro-powered ammonia production plant was not competitive with the traditional ammonia
in Norway (Sousa et al., 2022). Furthermore, the results reveal that green ammonia production
costs were primarily driven by the cost of electricity, followed by the capital investments
associated with the electrolysis process.

Smith & Torrente-Murciano (2021) evaluated the economic and social benefits of
producing hydro-powered ammonia in Sierra Leone. Specifically, the authors sought to explore
the potential impacts of local green ammonia production on the agricultural and electrical
development of Sierra Leone, while limiting fertilizer imports. Smith & Torrente-Murciano (2021)
further considered twenty-seven potential hydroelectric sites and employed financial metrics like
NPV, ROI, and payback period. With an NPV of $230 million and ROI of 165%, the study
determined that the project was feasible and that domestically produced nitrogen fertilizer derived
from locally produced green ammonia offers an economic advantage in comparison to importing

Nitrogen fertilizer. Additionally, the authors noted that their results were sensitive to fertilizer
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costs and the energy efficiency of the electric HB process. The results further showed that the
capital costs associated with the synthesis process are relatively less important, as it overshadowed
by the substantial capital costs associated with the hydroelectric plant.

Outside solar, hydro-, and wind-powered ammonia production, some researchers have
explored the use of biomass to synthesize ammonia. Jodo Sousa Cardoso et al. (2021) presented a
techno-economic evaluation of a small-scale green ammonia plant powered by biomass
gasification in mainland Portugal. The study assumes a 20-year lifespan, an annual ammonia
production of 3747 tons, and an ammonia sales price of €616. The study uses a 70:30 debt equity
ratio, a discount rate of 10%, and an inflation rate of 0.8%. Producing the hydrogen component
through the biomass gasification process, the authors incorporated financial metrics like NPV,
IRR, and PBP while utilizing a Monte Carlo simulation to assess the risks. The results from the
study indicated that small-scale biomass gasification for green ammonia production is
economically feasible as evidenced by a positive NPV of €3.7 million, IRR of 24.32%, Modified
internal rate of return (MIRR) of 14.99%, PBP of 4.6 years, and Discounted payback period
(DPBP) of 5.8 years (Jodo Sousa Cardoso et al., 2021).

Numerous other studies have explored biomass gasification as a possible route to transition
from fossil-fueled ammonia production to green ammonia (Andersson & Lundgren, 2014;
Demirhan, Tso, & Powell, 2019; Gilbert et al., 2014; Tuna et al., 2014; Zhang et al., 2020). Zhang
et al. (2020) found that the power-to-ammonia was not economically viable at the time and
attributed this to the high stack costs and electricity prices. The authors further suggest that this
could change with the mass manufacture of the solid oxide technology and an increase in the usage
of renewable energy, potentially reaching a competitive position with a payback period of five

years (H. Zhang et al., 2020).
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From the review of previous studies, | can assert that a majority of studies suggest that
green ammonia production is technically and economically feasible under specific assumptions. It
is important to note, however, that a transition toward green ammonia production introduces both
new opportunities and challenges. For small towns and rural communities to embrace and develop

these green ammonia projects, it is imperative to explore the community impacts of such a project.

2.4. Interaction Between Natural Gas, Ammonia, and Agricultural Commodity Prices
2.4.1. Relationship between Natural Gas and Ammonia

The primary ingredients going into the production of ammonia are hydrogen, nitrogen, and
energy. The energy is used mainly to split hydrogen from its more stable state, in water or
hydrocarbons. Natural gas is a good source of hydrogen for the production of traditional ammonia
and is the principal feedstock in the production of approximately 72% of global ammonia. As a
result, the price of natural gas is highly correlated to the cost of production of ammonia, and has
been estimated to account for between 70 to 90 percent of ammonia production costs (Dincer &
Bicer, 2018). Figure 2.6 shows the nature of this correlation. The trends in both natural gas and
ammonia monthly prices are presented in Figure 2.6. The estimated pairwise correlation between
the two variables was estimated at 0.635 (p < 0.01) for the period between January 2014 and
December 2024. This supports findings from the Industrial Efficiency Technology Database
(2024), which suggests that an increase in natural gas prices tends to increase the cost of producing

ammonia.
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Figure 2.6: Trends in Anhydrous Ammonia Prices and Natural Gas Prices
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Source: United States Department of Agriculture-Agricultural Marketing Service (2024);

Energy Information Administration (EIA) (2024).

2.4.2. Relationship between Ammonia and Agricultural Commodity Prices.

Market prices fluctuate due to the nature of market conditions. However, over the past two

decades, agricultural commodity markets have experienced some notable price volatility.

Agricultural commodity prices increased to unprecedented levels during the 2007/2008 global

financial crisis (Cagli et al., 2023) and in February 2011, with the Food and Agriculture
Organization of the United Nations reporting an increase in its Food Price Index by 6.43% from
December 2010 (Food and Agriculture Organisation, 2025). According to Coulibaly (2013), the

2011 price increase can be attributed to a number of factors, including ethanol production, weather
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conditions, exchange rates, oil prices, and speculation. Such occurrences can have negative
implications for price discovery and risk management (Etienne et al., 2016). Recently, agricultural
commaodity prices have been impacted by both the COVID-19 pandemic and the Russia-Ukraine
crisis (Cagli et al., 2023).

Research focusing on the drivers of commodity price changes has traditionally focused on
the demand side. A few have, however, attempted to determine the relationship between
agricultural commodity prices and production costs associated with these commaodities (Etienne et
al., 2016). Of the few studies that have explored the relationship between production costs
associated with agricultural commodity, the majority have traditionally studied the interplay
between crude oil and agricultural commodity prices because of the ubiquitous presence of
petroleum products across the agri-food chain (Gokmenoglu, Gungoér, & Bekun, 2021; Hong Vo,
Ngoc Vu, The Vo, & McAleer, 2006; Hung, 2021; Koirala, Mishra, D’ Antoni, & Mehlhorn, 2015;
Lopez Cabrera & Schulz, 2016; Pal & Mitra, 2019; Sun, Mirza, Qadeer, & Hsueh, 2021; Zafeiriou,
Arabatzis, Karanikola, Tampakis, & Tsiantikoudis, 2018; C. Zhang & Qu, 2015). Ammonia and
other agricultural inputs depend on oil and natural gas, and, therefore, their prices experience
significant correlation with ammonia price. Recognizing the importance of ammonia in crop
production (Ghavam et al., 2021), it is expected that ammonia production costs would have an
impact on the prices of ammonia-consuming crops, such as corn. Studies like Etienne et al. (2016),
Ucak et al. (2022), Yang et al. (2022), Rice and Vos (2024), and Arshad (2024) have researched
the relationship between agricultural commodity prices and other agricultural inputs such as
fertilizer. While Etienne et al. (2016) found that significant interconnectedness between fertilizer
and corn markets exists, Arshad (2024) highlights the sensitivity of grain prices to changes in the

energy and fertilizer markets. Additionally, Daly et al. (2017) found evidence of cointegration
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among natural gas, ammonia fertilizer, and corn prices with a notable regime shift in December
2007, and Wongpiyabovorn (2023) detected long-run relationships between the natural gas and
ammonia prices, and ammonia and corn prices. Figure 2.7 shows the trends in anhydrous ammonia

price and the prices of selected agricultural commodities.

Figure 2.7: Relationship Between Anhydrous Ammonia and Agricultural Commodity Prices
and Anhydrous Ammonia Prices
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Chapter 3 - Methods

In this chapter, the theoretical and empirical frameworks that are employed in the techno-
economic analysis and determining the relationships between energy prices, ammonia prices, and
prices of selected agricultural commodities are presented. The chapter is organized into four
sections. The first section provides a description of Western Kansas, specifically USDA
Agricultural Districts 10, 20, and 30, which has been identified as the case study area. The
theoretical and empirical models used in studying the relationships between the key commodity
prices are also described in the second section. Theoretical and empirical frameworks for
investigating the technical and economic feasibility of green ammonia production within the study
area are discussed in the third section. It presents the technical, economic, and financial
assumptions underlying the study in order to offer a transparent foundation for the ensuing
analyses. The fourth section presents the data used in the study and their origins and sources. The
manipulations done to get the data into a form that facilitates the analysis are also presented and

discussed.

3.1. The Study Area and Scope of the Study

The proposed green ammonia power plant, powered by wind energy, is expected to be built
to cater to three USDA Agricultural Districts: 10, 20, and 30 — Western Kansas, United States —
encompassing 31 of 105 counties in Kansas. The region is responsible for a significant amount of
Kansas’ agricultural products as a major contributor to both grain and livestock. Western Kansas's
share of Kansas’ cropland is 41.7%, with 11.8 million acres (USDA-NASS, 2024a), while its share
of Kansas’ pastureland (excluding cropland and woodland) is 29.8%, with 4,367,850 acres

(USDA-NASS, 2024b). In 2022, crop farmers in Western Kansas were responsible for about 1.9

36



million acres of corn, 150,000 acres of soybeans, 2.7 million acres of wheat, and 1.5 million acres
of sorghum. Additionally, in 2023, the region produced 48% of the state’s cattle and calves
(USDA-NASS, 2024c).

As a major crop-producing region in both the State and the country, Western Kansas
requires significant amounts of ammonia. The study shows how the region’s extensive dependence
on ammonia produced and imported into the region could introduce significant systematic risks
into crop producers’ incomes. The feasible production of green ammonia in Western Kansas has
the potential to mitigate this risk and provide a competitive advantage for the region’s crop
producers in markets seeking green commodities if they are successful in leveraging their green
ammonia initiatives across other inputs.

In addition to being a major consumer of ammonia because of its large crop production,
Western Kansas was also selected for this study because of its abundant wind energy potential
(NREL and AWS Truepower LLC, 2013; Sengupta et al., 2018). Figure 3.1 shows the area of the
U.S. mainland with good to excellent wind energy potential. The study area is highlighted by the
thick black rectangle in the middle of the figure, and it is within the mid-section of the U.S.,
exhibiting the highest sustained wind speeds, ranging from 5.5 m/s to about 9.0 m/s. Compared to
the region west of that, the average sustained wind speed is dominantly less than 5.0 m/s. The
figure indicates that the region is one of the few in the U.S. that experiences wind speeds between
6 and 9 m/s. Competing regions with such sustained wind speeds are the areas bordering large
water bodies, such as the Pacific and Atlantic Oceans, and Lakes Michigan and Superior. The need
for abundant energy is predicated on the high intensity of electricity needed to produce green
ammonia. Additionally, the region is sparsely populated, lessening the societal issues that may

arise with the development of wind energy, including the installation of wind turbines.
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Figure 3.1: United States - Land-Based and Offshore Annual Average Wind Speed at 100 m

L LI |

Source: NREL and AWS Truepower LLC (2013) with author modifications.

The study focused on the production of the four major crops produced in Western Kansas
— corn, sorghum, soybeans, and wheat. The area considered accounts for 54% of the Western
Kansas cropland. The average agricultural lands allocated to these four crops between 2018 and
2023, estimated at 6.4 million acres, served as the foundational basis for estimating the anhydrous
ammonia requirements for the region. The total ammonia used by these crops averaged 453,807
MT/year. At an average price of $787.71/MT, this is equivalent to $357.47 million exported from
the region annually. Technically and economically feasible production of green ammonia in the

region could retain this in the local economy. Furthermore, such production could reduce Western
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Kansas’ contribution to GHG emissions through its consumption of traditional ammonia. The
opportunity to leverage its adoption of green ammonia to become a green production region could
enable the farming region to control its market and income risks by extracting price premiums and
reducing its exposure to the ammonia market prices by decoupling its ammonia production costs

from the variabilities in the natural gas market.

3.2. Theory and Methods: The Relationships Between Energy Prices, Ammonia Prices, and

Agricultural Commodity Prices

3.2.1. Theoretical Model

Ammonia-based fertilizers are an essential link between energy markets and agricultural
production systems. The cost structure of the energy-intensive ammonia production is highly
dominated by the upstream energy input prices, particularly natural gas prices, as over 70% of
ammonia is produced using natural gas (International Energy Agency (IEA), 2021). Natural gas
serves as both a chemical feedstock (i.e., for hydrogen extraction) and an energy input for the
traditional ammonia production process. Studies suggest that natural gas accounts for about 70 to
90% of ammonia production costs (American Gas Association, 2023; Huang, 2007a; Saygin et al.,
2023). As a result of this dependence, the price volatility of natural gas has implications for the
cost of ammonia production, and by extension, the cost of crop production. Fertilizers are a major
expense in crop production, accounting for a fifth of U.S. farm cash costs (Nti & Jones, 2022).
Thus, higher fertilizer costs can translate into higher agricultural commodity prices.

A multi-stage price transmission process can, thus, be conceptualized to understand the

implications of these upstream prices on downstream price dynamics. Land allocation for
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ammonia-intensive crops may be directly influenced by ammonia prices, which are affected by
natural gas prices. We explore whether this effect is transmitted to commaodity prices in our attempt
to assess the potential effect of a switch to green ammonia on the relationship. The approach is
described by Equations 3.1 and 3.2.

Py =ay+ a Py + €

Equation 3.1

where P, is the price of ammonia, and Py, is the price of natural gas. a, and a,are the constant
term and natural gas cost pass-through elasticity, respectively. € is the error term.
Pyc = Bo + B1Py +v

Equation 3.2

where P, is the vector of corn, wheat, soybeans, and sorghum prices and P, is as defined above.
B, and B, are the constant term and the ammonia cost pass-through elasticity, respectively. v is the
error term.

Holding all things constant, it is expected that an increase in natural gas prices would
increase ammonia prices and subsequently commaodity prices. In other words, there is a positive
transmission in both stages, ceteris paribus. To understand the degree and timing of the price
transmissions requires an empirical approach that captures both immediate and long-term
adjustments. The Vector Error Correction Model (VECM), further explained in the subsequent
subsection, will be used to empirically investigate the long-run equilibrium relationships and the

short-run adjustment dynamics in response to exogenous shocks.
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3.2.2. Empirical Model

It is important to note that both input and output prices, among other factors, influence how
economic actors allocate resources and make production decisions, which in turn have implications
for output prices. This section establishes the foundation to comprehend price transmissions
between agricultural input prices and agricultural commodity prices, making use of economic
theories to gain insight into market dynamics and price interplays. Ammonia prices may be
determined by several factors, including feedstock prices, ammonia demand, and disruptions in
the supply chain. Meanwhile, ammonia prices may themselves affect prices of agricultural
commodities like corn, wheat, sorghum, and soybeans, and be affected by the market conditions
of these commaodities. To achieve the objective of analyzing the relationship between ammonia
prices, agricultural commodity prices, and energy prices, the study employs time series
econometrics. Specifically, the study employs cointegration analysis, Granger causality tests, and
Vector Error Correction Model (VECM) using STATA Version 16.1. Each of the aforementioned
methods of analysis will be discussed further in this section to present the reasoning behind their
use in analyzing the interactions among the different prices.

The integral first step in the VECM analysis is to test each price series to determine whether
the series is stationary or non-stationary. Stationary time series data refers to data that has its
‘statistical behavior’ constant over time, that is, the distribution is constant and the variables do
not show a trend in their mean or variance (Takens, 2010). On the other hand, a non-stationary
time series implies that the data distribution, particularly its mean, variance, or timewise
covariance, changes over time (Colonescu, 2016). A common method used in testing for
stationarity in time series data is the Augmented Dickey-Fuller (ADF) test. Developed by David

A. Dickey and Wayne A. Fuller, the ADF test serves as a unit root test (Dickey & Fuller, 1979,
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1981) where the null hypothesis assumes the presence of a unit root, and the presence of a unit
root in the time series is indicative of non-stationarity. The ADF test is based on the following
regression equation:

n
AP =a+ pt+yP_4 + Z 6;AP;_; + &
i=1

Equation 3.3

Where P; is a vector of the variables being tested. Vector P; contains the log of prices of
anhydrous ammonia, natural gas, corn, wheat, soybeans, and sorghum. The constant is represented
by a, t is the time trend, and g is its corresponding coefficient. The difference operator is A, 6; is
a vector of the coefficients of the lagged terms of the variables, and &, is the error term. The test
of stationarity involves testing the above model for unit root. This implies the following null and

alternate hypothesis:

HO!]/=0

Hy: y<O0

The null hypothesis implies the presence of unit root, which means the series is non-stationary. A
rejection of the null hypothesis suggests that the series is stationary. In the analysis, this test is
conducted on the levels, as well as the first differences of the variables. This is necessary to
determine the order of integration of all the variables. The VECM model requires that all variables
in the model be integrated of order one, which means that the variables must all be stationary at
first difference.

To ensure that the model has no serial correlation, it is important to choose an optimal

number of lags that would be included in the ADF test. To determine the optimal number of lags,
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the t-statistic can be used by either continuously increasing the number of lags until the point where
the delta (A) terms on the lags are no longer significant or there is no serial correlation.
Alternatively, the Akaike Information Criterion (AIC), the Schwarz Bayesian Information
Criterion (SBIC), and the Hannan-Quinn Information Criterion (HQIC) can be used to determine
the appropriate number of lags. Throughout the analysis, lags are determined by comparing the
suggested lags by all three methods. Where they give conflicting results, the most common
suggested lag is used. With the optimal number of lags selected, if the ADF test reveals that the
price series are non-stationary, a cointegration analysis to determine the long-term equilibrium
relationships is an appropriate next step.

The concept of cointegration analysis was introduced in 1987 by Nobel laureates Robert
Engle and Clive Granger. It can be a vital method for assessing price dynamics within the
agricultural sector (Arshad, 2024). Cointegration analysis is an essential approach in determining
the level of integration across multiple markets. As such, the method explores if two or more non-
stationary time series variables have a long-term relationship, verifying if deviations from the
equilibrium are temporary. Two time series variables are said to be cointegrated if (i) both variables
are integrated of the same order and (ii) there exists a linear combination of them that is stationary
(Engle & Granger, 1987). Thus, though the individual times series may exhibit independent trends
over time, they converge toward a stable long-run equilibrium relationship (Engle & Granger,
1987).

Cointegration is essential in determining the interconnectedness of energy prices, ammonia
prices, and agricultural commodity prices. Ammonia prices, agricultural commodity prices, and
energy prices tend to be nonstationary. Given that these time series variables are non-stationary,

the use of them in regression models may result in a spurious regression where a false relationship
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may be established (Granger, 1986). Additionally, energy prices, ammonia prices, and agricultural
commodity prices are connected through supply and demand dynamics and, thus, methods like
cointegration identify and quantify the relationship between these prices. Furthermore,
cointegration analysis has been known to have predictive abilities, allowing for forecasting. For
example, policymakers can predict how policies pertaining to the energy and fertilizer markets
may impact agricultural commodity markets, while farmers and traders may use cointegration
analysis to inform their risk management practices (Nayak, Gracy, Nagashree, & Naik, 2013;
Zeneli, 2022).

The two commonly used methods for identifying cointegration between time series
variables are the Engle-Granger Two-Step Method (Engle & Granger, 1987) and the Johansen
Cointegration Test (Johansen, 1988). Whereas the Engle-Granger is used to determine the
cointegration relationship that exists in a bivariate system, the Johansen cointegration test is
designed to determine the cointegration relationship that exists in a multivariate system. Because
the goal is to determine cointegration across multiple prices, a multivariate model is utilized,
thereby necessitating the use of the Johansen method to determine cointegration. The Johansen
cointegration test is based on an autoregressive model, where the rank (r) of the long-run impact
matrix indicates the number of cointegrating vectors. The test employs the trace statistic or the
maximum eigenvalue statistic to determine cointegration. The trace statistic tests the null
hypothesis that the number of cointegrating vectors is less than or equal to r, and the maximum
eigenvalue statistic tests whether the number of cointegrating vectors is exactly r. A decision is
reached by sequentially comparing the test statistics with critical values, with the null hypothesis
rejected when the test statistics exceed the critical values at the relevant significance level. The

cointegration rank is identified at a point where the null hypothesis is no longer rejected.
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Cointegration, however, focuses on long-term equilibrium relationships and, thus, ignoring
short-term dynamics results in the erroneous acceptance of unbiasedness (Haigh & Economics,
1998). To estimate the long-term relationship between time series variables while still capturing
the short-term dynamics, a Vector Error Correction Model (VECM) is an essential approach. With
cointegration determined, the VECM is then estimated to determine both the long-run relationships

and the short-run dynamics. The following system of VECM models is estimated:

k-1 k-1 k-1 k-1
AlogAM,; = a4 + PiAlogAM,_; + Z T;AlogNG,_j + Z y,AlogCoO,_; + Z onAlogWH,_,,
i=1 j=1 =1 m=1
k-1 k-1
+ BnAlogSOYt_n + q)bAlOgSORt_b + AlECTt_l + £1,t
n=1 b=1
Equation 3.4
k-1 k-1 k-1 k-1
AlogNG; = a, + Z T;AlogNG,_; + Z BiAlogAM,_; + y,AlogCoO,_; + Z onAlogWH,_,,
j=1 i=1 =1 m=1
k-1 k-1
+ 0,AlogSoyY,_, + ¢P,AlogSOR,_p, + A,ECT,_1 + &,
n=1 b=1
Equation 3.5
k-1 k-1 k-1 k-1
AlogCO; = az; + ) y,AlogCO,_; + Z TjAlogNG,_; + z piAlogAM,_; + 6,AlogWH,_,,
=1 j=1 i=1 m=1
k-1 k-1
+ 0,AlogSoy,_, + Z ¢$pAlogSOR,_, + A3ECT,_ 4 + &3,
n=1 b=1
Equation 3.6
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k-1 k-1 k-1 k-1
AlogWH,; = a4 + Z 6n,AlogWH,_,, + Z y:AlogCO,_; + Z T;AlogNG,_; + Z piAlogAM,_;

m=1 =1 j=1 i=1
k-1 k-1
+ Z 0,AlogSoY,_, + Z $,AlogSOR,_, + AECT;_ 1 + £4;
n=1 b=1
Equation 3.7
k-1 k-1 k-1 k-1
AlogSOY,; = a5 + z 0,AlogSoy,_,, + z 6,AlogWH,_,, + Z y:AlogCO,_; + Z TjAlogNG,_;
n=1 m=1 =1 j=1
k-1 k-1
+ Z piAlogAM,_; + z ¢,AlogSOR,_p, + AsECT,_4 + &5,
i=1 b=1
Equation 3.8
k-1 k-1 k-1 k-1
AlogSOR,; = ag + z ¢,AlogSOR,_,, + z 0,AlogSoy,_, + z 6,AlogWH,_,, + Z y:AlogCoO,_,;
b=1 n=1 m=1 =1
k-1 k-1
+ Z TjAlogNG,_; + z BiAlogAM,_; + A¢ECT,_ 4 + &,
=1 i=1
Equation 3.9

Where logAM; is the log of the price of anhydrous ammonia at time t, logNG; is the log
of the price of natural gas, logCO; is the log of corn prices, logWH; is the log of wheat prices,
logSOY; is the log of soybean prices, and logSOR; is the log of sorghum prices. The difference
parameter is A, the parameters 6,,, v, 7;, fi, 8,, ¢, are the short-run parameters. The error-
correction term ECT;_, captures the long-run equilibrium relationships, and the adjustment

parametersare A; , A, , A3, A4, A5, Ag. The errortermsare &, ¢, £, ¢, €3¢, €4t » €545 €6,¢- 1L 1S important

to note that a requirement for the VECM model is that all the variables in the system must be

integrated of order (1) (nonstationary at levels but stationary at first difference). With the results
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from the VECM maodel, the short-run and long-run dynamics of the relationship between these

prices can be determined.

3.3. Theory and Methods: The Economic Feasibility of Local Green Ammonia Production

3.3.1. Theoretical Model

Volatilities in the natural gas markets influence prices of ammonia-based fertilizers and,
thus, farm input costs. This economic dependency reflects the relationship between the energy
markets and agricultural production. Consequently, this study proposes the decentralized
production of green ammonia. Renewable energy in ammonia production can serve as a strategy
to stabilize fertilizer prices to hedge against input cost unpredictability by decoupling ammonia
production from natural gas markets.

Decoupling farm inputs from external energy shocks can introduce positive feedback
loops: localized ammonia production can enhance regional economic resilience, reduce emissions
associated with fertilizer transport, and create new employment opportunities in rural economies.
Therefore, establishing green ammonia facilities in farming areas serves not only as a mitigation
strategy against fossil fuel price volatility but also as a transformative approach toward sustainable,
decentralized agricultural input systems. The proposed local production of green ammonia is

presented in Figure 3.2. The study focuses on wind as the energy source.
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Figure 3.2: Electrolyzer-Based Green Ammonia Production
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Source: Author’s Construct of Proposed Ammonia Production Process

3.3.2. Empirical Model

3.3.2.1. Technical Assumptions for Wind Energy

Following Du et al. (2015), this study employed the National Renewable Energy
Laboratory’s (NREL) System Advisor Model (SAM) to generate the renewable energy output for
Western Kansas. Specifically, SAM was used to determine the turbine specifications and
associated costs necessary for producing wind energy to meet the ammonia demand for Western
Kansas. SAM, a powerful tool for evaluating renewable energy systems, was used to model the
performance of wind turbines under varying conditions, accounting for factors such as location,
wind resource availability, and turbine specifications.

Several onshore wind turbine models were evaluated to identify the model that best meets
the identified needs of the project. Current popular models are Vestas, Siemens Gamesa, and GE
Vernova. The analysis based on footprint and other technical specifications led to the selection of
the Vestas V-164 8MW turbine based on its performance and technological advancements. The

study specifically focused on the selected model based on its performance characteristics and
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suitability for the regional wind resource profile. The turbine is equipped with dimensions that
optimize its efficiency in the local environment, and its specifications are detailed in Table 3.1
below. These dimensions include the rotor diameter, hub height, rated capacity, and other essential
factors influencing energy generation capacity. Table A provides a comprehensive breakdown of
these parameters, offering a clear picture of the turbine’s capabilities and how it fits into the

broader energy production strategy for ammonia manufacturing.

Table 3.1: Specifications of the Vestas V-164 8BMW Turbine

Parameter Value Units Notes
. Vestas V-164
Turbine Model SMW - Model name
Manufacturer Vestas - Turbine Manufacturer
Th i tput
Rated power 8.0 M/W © maX|m'um power.(?u pu
under optimal conditions
Rotor diameter 164.0 meters Diameter of the rotor blades
Hub height 1400 meters Height from the ground to the
Hub
The Minimum wind speed
Cut in wind speed 4.0 m/s required to start generating
power
Wind speed at which the
Rated wind speed 13.0 m/s turbine operates at rated
capacity
The maximum wind speed at
Cut out wind speed 25.0 m/s which the turbine will shut
down to avoid any damage
Number of blades 3 ] The quantity of blades attached
to the rotor
Swept area 21.124.0 2 The area within which the
rotor blades rotate
. I Expected operational lifetime
Operational lifetime 25 years of the turbine

Based on data from: Bauer & Matysik (2025)
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To meet the region’s total fertilizer requirements of 453,807 metric tons annually, the study
incorporated the efficiency rates of various electrolysis technologies, which are crucial for
converting wind energy into the electrical power required for ammonia production. Electrolysis
plays a pivotal role in green ammonia production by utilizing electricity to split water into oxygen
and hydrogen, which is then combined with nitrogen to form ammonia. The study explored
different electrolysis technologies, each with varying levels of efficiency, and used these efficiency
rates to calculate the number of turbines required for each scenario.

The number of turbines required changed according to the efficiency of the system,
highlighting the impact of electrolysis efficiency on the scale of the wind energy infrastructure
needed. Under the proton exchange membrane (PEM) scenario, 254 turbines were required to meet
the electricity demands of the ammonia production process. In other cases, using alkaline water
electrolysis and anion exchange membrane (AEM) technologies required 239 and 211 turbines,
respectively. Similarly, for the Solid Oxide Electrolysis Cell (SOEC) technology, the number of
turbines required was 153. Table 3.2, presented below, provides a detailed overview of these
electrolysis technologies along with their corresponding efficiencies, illustrating how different
technological choices influence the number of turbines required to produce the necessary

electricity for ammonia production.
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Table 3.2: Electrolysis and Their Respective Efficiencies

Electrolysis Technology Assumed Efficiency Number of Turbines
Rate (MWh/MT) Required

Proton Exchange Membrane (PEM) 14.65 254

Alkaline Water Electrolysis (AWE) 13.77 239

Anion Exchange Membrane (AEM) 12.18 211

Solid Oxide Electrolysis Cell (SOEC) 8.83 153

Source: Assumed efficiency rate (IRENA, 2020); Number of turbines required (Author’s
Analysis).

This analysis of wind turbine requirements based on electrolysis efficiency not only
provides valuable insights into the scale of wind energy infrastructure needed but also serves as a
foundation for evaluating the economic and technical feasibility of deploying these systems in the
region. By understanding the relationship between turbine specifications, electrolysis technology
efficiency, and energy production, the study lays the groundwork for future research on sustainable

ammonia production solutions, addressing both energy and environmental challenges.

3.3.2.2. Assumptions for Economic Calculations

In this feasibility study, a set of economic assumptions was made to facilitate the financial
modeling and evaluation of the green ammonia production process. First, an interest rate of 5%
was assumed, reflecting current market conditions and financing options available for large-scale
infrastructure projects (Table 3.3). Additionally, an inflation rate of 3% was assumed to account

for general price increases in labor, materials, and operational costs over the study period. A
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discount rate of 8% was applied to calculate the present value of future cash flows, reflecting the
time value of money and the risk associated with the project. Furthermore, it was assumed that
capital costs would be financed through a combination of equity and debt, with a debt-to-equity
ratio of 75:25. The study also assumes that there will be no significant fluctuations in fuel or energy
prices, given the focus on renewable energy sources for green ammonia production. These
assumptions provide a basis for the financial analysis and are essential for understanding the

economic viability of the proposed green ammonia plant.

Table 3.3: Assumptions for Economic Calculations

Component Value Units Reference
Inflation rate 0.03 Annual Grodzinskiy (2021)
Interest rate 0.05 Annual

Discount rate 0.08 Annual Kubert (2023)

3.3.2.3. Economic Calculations

Net Present Value (NPV), Internal Rate of Return (IRR), Payback Period (PBP), Return on
Investment (ROI), and Profitability Index (PI) were used to assess the feasibility of green ammonia
production in Western Kansas. NPV is the present value of cash flows generated from the project
over a period of time and at a predetermined discount rate, less the invested capital. NPV is

expressed as:

T

NPV = Z (%) ~C,

t=1
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Where CF; and & represent the cash flow at time t and the discount rate, respectively. C, is the
initial investment. A positive NPV implies that the discounted cash flow from the project exceeds
the initial investment, further implying that the project can replace itself at the predetermined
discount rate. Conversely, a negative NPV indicates that the project will not generate enough cash
flows to cover its initial investment at the specified discount rate. The IRR is related to the NPV

in that it is the discount rate at which the NPV equals zero. That is:

T
Z ((1 + IRR)t ) Co

t=1

The IRR serves as another criterion for determining the feasibility of a project based on how much
the project’s internal risks are absorbed by its cash flow. The larger the difference between the
IRR and the project discount rate, the higher the risk absorbent capacity of the project. Some
investors set a hurdle rate (HR), which they compare to the IRR to determine the risk absorbent
capacity of the project’s cash flow potential. If the IRR is lower than the HR, then the project is
deemed infeasible even if the NPV is positive and the IRR is greater than the discount rate.

The PBP is defined as the length of time required to recover an investment. In other words,
it refers to the earliest time it takes for the accumulated cash flows generated from an investment
to cover its initial cost. It may be undiscounted or discounted. The undiscounted and discounted

formulae for the PBP are presented as follows, where time is measured in years:

t=1
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= >
DPBP; = mm{T € R: Z(1+6)t _C}

A higher NPV and IRR are preferred to lower ones and a shorter PBP is better than a longer
one, holding all other things constant. Being able to recoup the investment as quickly as possible
reduces the servicing costs associated with the debt used to finance the investment. However, it
does not really tell how that investment compares to its best alternative. While the NPV, IRR, and
PBP provide indications of the feasibility of investment, ROI and P1 allow for the comparison of
multiple investments. Investors utilize the ROl to compare the performance of multiple
investments or projects. The ROI evaluates how efficient and effective an investment is relative to

the cost of the investment. The ROI is presented as:

ROI = T-1(CF.(1+8)™) - ¢
Co

) X 100%
Pl is the ratio between the present value of future cash flows and the initial investment. Pl

is expressed as:

i)

PI =
Co

Where CF; and & represent the cash flow at time t and the discount rate, respectively. C, is the

initial investment. A PI greater than one implies that the present value of future cash inflows from
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the project exceeds the initial investment, further implying that the project can be considered
economically viable. A P1 is equal to 1 means that the present value of future cash inflows from
the project is exactly equal to the initial investment. Meanwhile, a PI is less than 1 indicates that
the investment will yield a return less than the cost, further indicating that the project is not

economically viable.

3.4. Data

3.4.1. Relationship Between Ammonia Prices, Agricultural Commodity Prices, and Energy
Prices

This study required data from several sources. The primary institutions from which data
and parameters were obtained to execute this research were the U.S. Department of Agriculture,
Energy Information Administration, National Renewable Energy Laboratories, and several trade
journals. The data types and sources are summarized in Table 3.4. To successfully evaluate the
relationship between energy prices, ammonia prices, and agricultural commodity prices, this
research used secondary data obtained from multiple sources. Thus, a time series dataset was
constructed and used for this analysis. Anhydrous ammonia prices were acquired from the USDA
Agricultural Marketing Service (AMS), while corn, wheat, sorghum, and soybean prices were
acquired from the USDA National Agricultural Statistics Service (NASS). Natural gas prices were
obtained from the U.S. Energy Information Administration (EIA), a statistical agency of the
Department of Energy with information about how energy interacts with both the environment and

the economy.
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Table 3.4: Data Type, Source, and Pricing Unit

Data Type Commodity Data Source Pricing Unit

Natural Gas Energy Information Dollars per Million
(Henry Hub) Administration (EIA) BTU
USDA Agricultural
Anhydrous ] ]
Farm Input _ Marketing Service Ton
Ammonia
(AMS)
USDA National
Corn Agricultural U.S. Bushel
Statistics Service
(NASS)
USDA National
Wheat Agricultural U.S. Bushel
Statistics Service
(NASS)

USDA National

Energy

Agricultural

Agricultural

Sorghum -g _ _ U.S. cwt

Statistics Service
(NASS)

USDA National

Soybeans Agricultural U.S. Bushel

Statistics Service

(NASS)

Energy prices are represented by Henry Hub natural gas spot prices, which serve as a
primary benchmark for domestic and global natural gas prices (Energy Information Administration
(EIA), 2024b). Anhydrous ammonia is a pure form of ammonia (over 99% pure) and is used in
this study to obtain the true weight and cost of ammonia in this study. The agricultural commodities

used in the study are corn, wheat, soybeans, and sorghum. Therefore, their ammonia fertilizer
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requirements and acreage allocation assumptions are the primary determinants of ammonia
demand in the region.

For the time series analysis, the study employs monthly price variables. The data spans
from January 2014 to December 2024, with 132 observations. This time period captures the effects
of the COVID-19 pandemic and the Russia-Ukraine crisis, among others. This enables the study

to explore any potential interdependencies between the price series.

3.4.2. Economic Feasibility Study
3.4.2.1. Crop and Fertilizer Data

One objective of the study was to assess the economic feasibility of green ammonia
production in Western Kansas. Consequently, data on the technical, operational, and economic
requirements for wind energy production and the ammonia plant to build a detailed cashflow
statement and dataset for the analysis were obtained. Firstly, data on farm acres dedicated to corn,
wheat, soybean, and sorghum production across all counties in Western Kansas were obtained
from the USDA National Agricultural Statistics Service (NASS) (Figure 3.3). The total acres per

crop across the region were computed, and the average acreage from 2018 to 2023 was derived.

Figure 3.3: Workflow for Deriving Input Data for Economic Feasibility Analysis

Ammonia Demand in Energy Supply for Ammonia Techno-Economic
Study Area Production in Study Area Feasibility of Ammonia

' ‘ Production in Study Area
i Derived demand based on stud
Derived demand based on Y Based on electrolyzer technology,

area’s ammonia demand, power
generation technology, and energy-
to-ammonia conversion rates.

crops, crop acreage and
ammonia recommendations.

ammonia prices, and cost of capital.

Fertilizer requirements per acre for each crop were obtained from the 2025 Farm

Management Guides (Ibendahl & O’Brien, 2025). These fertilizer requirements were used in
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determining the total metric tons of anhydrous ammonia needed to be produced by the proposed
green ammonia plant annually. The fertilizer requirements for corn, wheat, soybean, and sorghum
used in this study are approximately 174 Ibs., 97 Ibs., 10 Ibs., and 121 Ibs., respectively, of
ammonia per acre of crop grown. Consequently, the crop and fertilizer assumptions are presented
in Table 3.5 below. The study utilized monthly energy output from the National Renewable Energy
Laboratory’s System Advisor Model (NREL SAM) to determine the annual energy capacity for

running the proposed plant. Data from NREL SAM also included turbine characteristics like

turbine rating and costs.

Table 3.5: Crop and Fertilizer Assumptions

Crop Average Nitrogen Use Anhydrous Anhydrous
Planted Area (Ibs. per acre) NH3 NH3 (MT)
(2018-2023) Equivalent

Corn 2,354,183 174 212.195122 226,590.35

Wheat 2,516,417 97 118.2926829 135,022.51

Soybeans 115,317 10 12.19512195 637.89

Sorghum 1,367,883 121 147.5609756 91,555.90

Total 6,353,800 453,806.65

Source: USDA National Agricultural Statistics Service (NASS); Ibendahl & O’Brien, 2025.

3.4.2.2. Costs

The techno-economic viability of green ammonia production is influenced by four

interconnected processes: renewable energy production, hydrogen production through electrolysis,
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nitrogen generation from the atmosphere, and the H-B process. It is important to understand the
investment requirements of each process to assess the feasibility of the local green ammonia

production.

Wind Farm

In evaluating the total capital costs for the wind energy infrastructure necessary to meet the
region's ammonia production requirements, it is essential to consider both the turbine costs and the
associated balance of system (BOS) costs. These elements form the backbone of the investment
required for the successful deployment of wind energy technology and its integration into ammonia
production systems.

The turbine cost refers to the purchase price of the wind turbine itself, which includes the
rotor, nacelle, tower, and other integral components necessary for turbine functionality. The
turbine cost for the Vestas V-164 8MW turbine is 1,112.40 $/kW per unit, depending on factors
such as procurement volume, installation site conditions, and specific project agreements. This
cost includes not only the manufacturing of the turbine but also its transportation to the site, as
well as initial setup costs. It is important to note that, as one of the leading offshore wind turbines,
the Vestas V-164’s high-rated capacity justifies its substantial upfront cost, reflecting its advanced
technology and efficiency.

The Balance of Systems (BOS) costs encompass all the other components necessary to
support the turbine and the wind farm as a whole. These costs include electrical infrastructure,
such as transformers, substations, and cabling, as well as civil works, site preparation, roads,
foundations, and grid connection systems. In addition, the BOS costs also factor in the operation

and maintenance infrastructure, such as spare parts, monitoring systems, and personnel training.
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The BOS cost for the Vestas V-164 turbine is 347.00 $/kW. This portion is critical for
ensuring that the wind farm is functional and capable of providing consistent energy output. A
significant portion of these costs is dedicated to the grid connection process, which is essential for
integrating the electricity generated by the turbines into the regional power grid, especially in
large-scale offshore projects where turbines are often located far from shore.

Therefore, the total capital cost of the wind energy project is the sum of the turbine costs
and the BOS costs. Based on values derived from NREL SAM, the total capital cost for deploying
a Vestas V-164 8MW wind turbine with the necessary balance of systems components is estimated
to be $11,675,200.00 per turbine. This comprehensive cost includes both the physical and
operational infrastructure required to build and maintain a wind farm that can generate the
electricity needed for the ammonia production process.

The turbine and BOS costs are helpful in assessing the financial feasibility of integrating
wind energy into the ammonia production process. The upfront investment in wind turbines,
complemented by BOS infrastructure, provides a foundation for generating renewable energy over
the turbine’s 25-year operational lifetime. Table 3.6 below summarizes the turbine costs, balance
of system costs, and the total capital costs for a single Vestas V-164 8MW wind turbine, providing

a clear picture of the investment required for large-scale energy projects.
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Table 3.6: Wind Energy Capital Costs for the Vestas V-164 8MW Turbine
Variable PEM AWE AEM SOEC

Turbine Cost
($1,112.40/kW)
BOSC
($347/kW)
Total Wind
Energy Capital $2,965,500,800 | $2,790,372,800 | $2,463,467,200 | $1,786,305,600
Expenditure

$2,260,396,800 | $2,126,908,800 | $1,877,731,200 | $1,361,577,600

$705,104,000 $663,464,000 $585,736,000 $424,728,000

Hydrogen Production Via Electrolysis

The cost of hydrogen produced using electrolysis is @ major contributor to the overall
economics of producing green ammonia, as this is the most energy-intensive part of the green
ammonia production process. The cost of the different electrolyzers is dependent on characteristics
such as efficiency. The cost structure for electrolysis to generate hydrogen is presented in Table
3.7 below. From Table 3.7, the initial capital investment associated with the PEM electrolyzer is
approximately $406.71 million. The capital investments for the AWE and AEM are about $316.89
million and $537.81 million, respectively. Finally, employing a SOEC in the green ammonia
project results in an initial capital investment of roughly $1.00 billion. The analysis further
integrates the varying operational lifespans of each electrolyzer technology to account for
differences in total cost attributable to technology selection, recognizing their influence on long-

term economic performance.
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Table 3.7: Cost Structure for Hydrogen Production

Variable PEM AWE AEM SOEC Reference
Lifespan 8 9 3 6
(Patonia &
CAPEX
667.00 540.00 931.00 2300.00 Poudineh,
($/kwW)
2022)
Electrical
Efficiency (IRENA,
66.50 64.00 63.00 4750
(system) 2020)
kWh/kg
Initial
Capital
406,713,605 316,894,685 537,813,193 1,001,757,648
Investment
$)

Nitrogen Derivation

The cost associated with the derivation of nitrogen is relatively low compared to the cost

associated with the production of hydrogen, but it is still crucial for the feasibility study. The

derivation of nitrogen requires the use of an air separation unit (ASU). From Cesaro et al. (2021),

the ASU unit is estimated to have a total capital expenditure of $12 million for 10T N2/h. This

analysis, therefore, assumes an investment of $61,820,816.21 is expected for this project’s ASU.
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Haber-Bosch Process

The Haber-Bosch (H-B) process combines nitrogen and hydrogen to produce ammonia.

Consequently, costs associated with the process include the capital costs of reactors and associated

equipment. From Cesaro et al. (2021), the H-B synthesis loop is estimated to have a total capital

expenditure of $33 million for 10T/h. This analysis, therefore, assumes an investment of about

$170,954,692 is expected for this project’s H-B Synthesis loop.

Total Capital Costs

The total capital cost of a green ammonia facility is the sum of the capital investments

made in generating hydrogen, deriving nitrogen, and synthesizing ammonia. This includes the

upfront investment costs that are required for all the necessary infrastructure and equipment.

Table 3.8: Total Initial Capital Costs for Green Ammonia Production

Cost PEM AWE AEM SOEC
Component
Wind Farm $2,965,500,800 | $2,790,372,800 | $2,463,467,200 $1,786,305,600
Electrolyzer $406,713,605 $316,894,685 $485,244,986 $1,001,757,648
ASU $61,820,816 $61,820,816 $61,820,816. $61,820,816
Haber-Bosch

) $170,954,692 $170,954,692 $170,954,692 $170,954,692
Synthesis Loop
Total $3,604,989,913 | $3,340,042,993 | $3,234,055,913 $3,020,838,756

The cost spread associated with the various electrolyzers is shown in Figure 3.4 below. The

figure reveals that the PEM has the largest turbine cost, with the turbine cost under the AWE,
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AEM, and SOEC following in that order. This is consistent with the efficiency levels for the
various technologies. From the graph, we see that the SOEC technology has the highest
electrolyzer investment as it is not only expensive, but the project requires this electrolyzer to be
replaced every six years. The AEM and the PEM follow with investments of $4.70 billion and
$2.40 billion. The AEM s replaced every three years, while the PEM is replaced three times
throughout the lifespan of the project. Finally, the AWE has the lowest electrolyzer investment
despite being replaced twice through the lifespan of the project. This is reflective of literature that
suggests that the AWE is in its mature state. The costs of both the air separation unit and the Haber-

Bosch synthesis loop are consistent across the four electrolyzers.
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Figure 3.4: Cost Spread for Each Electrolyzer Scenario
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Water Cost

The water component is necessary for hydrogen production via electrolysis. For each
metric ton of hydrogen produced, nine metric tons of water are required. Additionally, this study
assumes an extra nine metric tons of water to account for water losses during electrolysis and
cooling. Consequently, 18 MT (~0.0146 acre-feet) of water is required to produce 1 MT of
hydrogen. Assuming a unit cost of $2.05/MT of water (Lee et al., 2022), water cost for producing
the required 80,324 MT of hydrogen is $2,963,955.60 in Year 1. A 3% inflation rate was applied
for the subsequent years.
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Total Operating and Maintenance Cost

According to Grodzinskiy (2021), the operating and maintenance (O&M) cost account for
5% of capital costs. The O&M cost for Year 1 was approximately $72.10 million and $66.80
million with the PEM and AWE technology, respectively. Using the AEM and SOEC technology
incurs O&M costs of $64.68 million and $60.42 million, respectively. For subsequent years, an
inflation rate of 3% was applied.

The economic viability of green ammonia production depends heavily on the cost
structures at each stage: hydrogen production via electrolysis, nitrogen derivation, and the Haber-
Bosch synthesis. As these technologies continue to evolve and the cost of renewable energy
decreases, the overall cost of producing green ammonia is expected to become more competitive
than traditional ammonia production methods. Tables summarizing the costs at each stage allow
for a clearer understanding of the financial considerations that must be taken into account when

planning and implementing green ammonia production on a large scale.

3.4.2.3. Techno-Economic Scenarios for Green Ammonia Production

The techno-economic feasibility analysis of the proposed local green ammonia project is
conducted under varying technological and ammonia price conditions to calculate NPV, IRR, PBP,
ROI, and PI. Particularly, the analysis is conducted using four electrolyzer technologies (PEM,
AWE, AEM, and SOEC), each under four ammonia price scenarios — forecasted ammonia price,
average ammonia price of $647.81/MT from 2014 to 2021 (period before price spikes), average
ammonia price of $1160.78/MT from 2022 to 2024 (period from the initiation of price spikes), and
highest ammonia price $1770.42/MT. This results in sixteen different scenarios that provide

information on how each electrolyzer technology performs in both current and future paths. Each
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of the scenarios exhibits different techno-economic sensitivities based on ammonia prices.
Furthermore, each scenario captures cost dynamics (CAPEX, OPEX), efficiency, and long-term

sustainability. The sixteen scenarios are summarized in Table 3.9.

Table 3.9: 16-Scenario Feasibility Matrix (4 Technologies with 4 Ammonia Price Models)

Scenario Technology Ammonia Price Scenario
1 PEM Forecasted Price Series
2 PEM Average Price 1: $647.81
3 PEM Average Price 2: $1160.78
4 PEM Highest Price: $1770.42
5 AWE Forecasted Price Series
6 AWE Average Price 1: $647.81
7 AWE Average Price 2: $1160.78
8 AWE Highest Price: $1770.42
9 AEM Forecasted Price Series
10 AEM Average Price 1: $647.81
11 AEM Average Price 2: $1160.78
12 AEM Highest Price: $1770.42
13 SOEC Forecasted Price Series
14 SOEC Average Price 1: $647.81
15 SOEC Average Price 2: $1160.78
16 SOEC Highest Price: $1770.42
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Chapter 4 - Current Ammonia Markets

This chapter analyzes the markets for traditional ammonia and the potential markets for
green ammonia. The chapter is organized into two broad sections: the global and the U.S. ammonia
markets. The global section explores the demand and supply of ammonia and the principal market
conditions driving these variables. The U.S. section digs deeper into the foregoing demand and
supply conditions within the U.S. and assesses the competitiveness of U.S. ammonia producers

within the global landscape.

4.1. Overview of the Global Ammonia Market
4.1.1. Global Ammonia Production

Ammonia is one of the most produced chemicals worldwide. Global ammonia production
increased from about 166.59 million metric tons (MMT) in 2012 to 185.55 MMT in 2023
(IFASTAT, 2025; Nutrien, 2023b). Globally, East Asia, South Asia, Eastern Europe and Central
Asia, North America, and West Asia are the leading production regions, accounting for about 84%
of global ammonia production. Variations in production are influenced by a number of factors,
including feedstock availability and prices, and regional policies. In the long run, technological
advancements do influence prices as well.

East Asia and South Asia together controlled about 50% of the 185.55 MMT produced in
2023 (Figure 4.1). East Asia alone accounted for about 37%, more than 2.8 times South Asia’s
share of global production. Eastern Europe and Central Asia’s share of 12% is not very different
from North America’s 11.60% of global production. Meanwhile, West Asia accounted for about

10.76%. Africa, Western Europe, Latin and South America, Central Europe, and Oceania together
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formed the Rest of the World (ROW) in Figure 4.1, accounting for the remaining 16% of global
ammonia production in 2023.

Figure 4.1: Regional Ammonia Production in 2023
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According to the U.S. Geological Survey (2025), the leading producers of ammonia in
2023 were China, India, Russia, and the United States (Table 4.1) (U.S. Geological Survey, 2025).
The concentration ratio for these top four producers is estimated at 59% in 2023. Indonesia, with
3.81% of production, is the fifth-largest global producer of ammonia. China dominates ammonia
production with an estimated 47 MMT of ammonia produced in 2023, accounting for about 31%
of world output. China’s production is supported by its high availability of coal which is
competitively priced. This offers China about 95% of global coal-based ammonia production
(Heffer & Prud’homme, 2016). According to Zhou et al. (2010), the country has coal reserves in

abundance. More recently, China has been implementing stricter environmental policies and
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increasing its investments in low-carbon ammonia production, which may result in an increased
production cost in the short run due to new technology installations. China has embarked on
multiple funding of low-carbon projects, like a 128,000 tons/year ammonia facility in Inner
Mongolia by China Shipbuilding Industry Corporation Wind Power Development Co., Ltd
(Atchison, 2024).

In 2023, India also produced about 10.06% of global ammonia production, with roughly
15.30 MMT of ammonia produced (U.S. Geological Survey, 2024a). India’s production capacity
has grown to meet the increasing demands from its agricultural, chemical, and pharmaceutical
sectors. In India, ammonia was primarily produced using coal-based feedstock with an eventual
transition to the more cost-effective natural gas feedstock (Srujal Sharma, 2024). The country is
undertaking initiatives to promote the production of green hydrogen and green ammonia. These
initiatives are in line with India’s National Green Hydrogen Mission (NGHM). The NGHM has a
mission to position India as a Global Hub for the production, usage, and export of green hydrogen
and its derivatives (Ministry of New and Renewable Energy, 2023).

Russia is also one of the largest producers of ammonia, with about 14 MMT of ammonia.
The country produces natural gas-based ammonia, leveraging its gas reserves. Russia is the
second-largest producer of natural gas behind the United States and has the largest natural gas
reserves worldwide of about 1,688 trillion cubic feet (U.S. Energy Information Administration,
2024a). Ammonia production in Russia declined by 14.57% in 2022, reversing the steadily
increasing trend from 2014 to 2021. This decline was likely driven by the Russian-Ukrainian crisis
that started in February 2022. Russia eventually saw a slight rise in its ammonia production in

2023.
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The United States is a key ammonia producer with about 13.80 MMT of ammonia
produced in 2023, accounting for about 9.33% of total global production (U.S. Geological Survey,
2024a). The United States is one of the most cost-efficient producers, taking advantage of its access
to natural gas. Recently, the country has been exploring electrolysis-based ammonia in an effort
to reduce the carbon emissions from the production of traditional ammonia. Especially as the
Inflation Reduction Act (IRA) by the U.S. Department of Energy provides financial incentives for
hydrogen and fuel cell projects through the provision of tax credits (U.S. Department of Energy,

2025).

Table 4.1: World Ammonia Production (Thousand Metric Tons)

Country 2023 Percentage
China 47,000 30.90
India 15,300 10.06
Russia 14,000 9.21
United States 13,800 9.07
Indonesia 5,800 3.81
Other Countries 56,190 36.95
World Total (rounded) 152,090 100

Source: U.S. Geological Survey (2025)

4.1.2. Global Ammonia Consumption

Apparent consumption in any jurisdiction is defined as total domestic production plus
imports minus exports. The International Fertilizer Association (IFA) reports that East Asia topped
the apparent consumption list with 69.6 MMT (Figure 3.2). The region’s largest market is China,
where ammonia movement is primarily driven by China’s agricultural and industrial demand.

According to KPMG (2022), 71% of ammonia in China is used by the agricultural sector and 29%
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serves industrial uses. South Asia is the second-largest consumer of ammonia, with 26.23 MMT
consumed in 2023. The largest ammonia consumer in the region is India, where ammonia
consumption is mainly influenced by the country’s demand for nitrogenous fertilizer, mainly urea.
Specifically, approximately 85% of ammonia is consumed in urea production, 7% is used for other
nitrogenous fertilizers like ammonium phosphates, nitrates, and NPKs, and 3% is used for
industrial purposes (The Gulf Petrochemicals and Chemicals Association, 2018). India’s demand
for urea, and thus ammonia, has been linked to population changes (Rouwenhorst, 2024), with The
Gulf Petrochemicals and Chemicals Association (2018) asserting that there is a high correlation
between population size and fertilizer consumption.

Eastern Europe and Central Asia consume about 12% of global ammonia each, about 21.98
MMT in 2023. North America has the fourth-largest apparent consumption of ammonia, with
roughly 21.31 MMT of ammonia consumed in 2023, accounting for approximately 11% of global
consumption. However, the United States serves as the second-largest consumer of ammonia, with
almost 90% used in fertilizer production (U.S. Energy Information Administration, 2022a; United
States Environmental Protection Agency, 2022).

East Asia, South Asia, Eastern Europe and Central Asia, and North America regions are
collectively responsible for 75% of global ammonia consumption. Each of the other six IFASTAT
(International Fertilizer Association Statistics) regions has an ammonia consumption of less than
10%. The regional distribution for the rest of ammonia consumption is as follows: West Asia,
Africa, and West Europe consume approximately 8.86%, 5.75%, and 5.57% respectively, whereas
Latin America (2.04 %), Central Europe (1.89 %), and Oceania (0.91 %) consume comparatively
less (IFASTAT, 2025). Demand for ammonia is projected to rise by up to 37 % by 2050 (Bicca &

Ashraf, 2022).
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Figure 4.2: Regional Ammonia Consumption in 2023
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An analysis of global ammonia production and consumption reveals that there is a general
alignment, with major producing regions like East Asia and South Asia accounting for the bulk of
the global demand. This alignment suggests that there exists a level of self-sufficiency in these
regions that enables them to produce the necessary quantities to meet domestic demand. However,
this balance may not be uniform across all countries within each region. Thus, intra-regional
disparities and logistical and economic differences require international trade. The next section

explores global ammonia trade flows, highlighting key exporters and importers.
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4.1.3. Ammonia Trade

4.1.3.1. Exports

Figure 10 summarizes ammonia exports by region. As reported by the International
Fertilizer Association (IFA), the export list was topped by West Asia with 4.46 MMT (Figure 4.3).
Latin America followed with 3.57 MMT. East Asia (2.41 MMT), North America (2.26 MMT),
Africa (1.94 MMT), West Europe (1.09 MMT), Eastern Europe & Central Asia (0.55 MMT),

Oceania (0.24 MMT), Central Europe (0.07 MMT), and South Asia (0.02 MMT) (IFASTAT,

2025) (Figure 4.3).

Figure 4.3: Regional Ammonia Exports in 2023 (Thousand Metric Tons)
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Comparing regional ammonia exports to production, East Asia, South Asia, and Eastern
Europe and Central Asia produce significantly more than they export. The top four producing
regions account for 74 % of global ammonia production, yet are responsible for only 31.5 % of
exports. This trend suggests that the majority of ammonia produced is consumed domestically.
South Asia, especially, is responsible for about 13 % of global ammonia output, but exports only
0.1 %. This reflects the region’s notable internal demand.

Table 4.2 presents exports for the top ten ammonia-exporting countries and their top three
destinations. In 2022, Trinidad and Tobago established itself as a leading exporter of ammonia,
exporting approximately 3.58 MMT of ammonia worth $3.50 billion (Nutrien, 2023b; Statista,
2024). Trinidad and Tobago leveraged its dedicated Point Lisas Industrial Estate, which integrates
low-cost natural gas with large-scale ammonia production and export infrastructure. In 2022,
Trinidad and Tobago exported to countries like the United States, Morocco, and Mexico (Nutrien,
2023b; Statista, 2024). The second largest exporter in the same year was Saudi Arabia, with exports
totaling 2.73 MMT of ammonia valued at $2.30 billion. Other leading exporters are Indonesia,

Algeria, Canada, and the United States (Table 4.2).
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Table 4.2: Top 10 Ammonia Exports in 2022 (Thousand metric tons)

Total Exports (‘000 MT) Top Three Destinations
2022 Country 2022 2021 2020 1st 2nd 3rd
Rank
1 Trinidad 3,584 | 3,912 | 3,975 | United States | Morocco Mexico
2 Saudi Arabia | 2,733 | 1,241 | 1,898 Morocco India South Korea
3 Indonesia 1,872 | 1,736 | 1,616 | South Korea India Taiwan
4 Algeria 1,346 | 1,364 920 Spain Morocco France
5 Canada 1,184 | 1,228 | 1,071 | United States - -
6 United States 992 351 508 | Germany Belgium Norway
7 Russia 783 | 4,424 | 4,183 Morocco Sweden Belgium
8 Egypt 675 549 454 India Turkey Italy
9 Qatar 564 579 617 India Turkey Bulgaria
10 Netherlands 477 345 313 Germany Belgium France

Source: Nutrien (2023)

4.1.3.2. Imports

East Asia dominates imports with approximately 68.84 MMT of ammonia in 2022
(IFASTAT, 2025) (Figure 4.4). South Asia followed with 23.73 MMT. Eastern Europe and Central
Asia (22.26 MMT), North America (21.51 MMT), West Asia (19.96 MMT), Africa (10.81 MMT),
West Europe (7.34 MMT), Latin America (6.22 MMT), Central Europe (3.13 MMT), and Oceania

(1.73 MMT) (IFASTAT, 2025) (Figure 4.4).
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Figure 4.4: Regional Ammonia Imports (Thousand Metric Tons)
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Analyzing the global ammonia trade balance, West Asia and Latin America are the highest
net exporters, with trade surpluses of 3.51 MMT and 2.44 MMT of ammonia, respectively. This
suggests that the production capacities of both regions exceed their domestic consumption,
evidenced by the production and consumption values presented in the above sections. Conversely,
West Europe, South Asia, East Asia, and Central Europe experience negative trade balances in
2023 with 3.00 MMT, 2.50 MMT, 0.76 MMT, and 0.39 MMT of ammonia, respectively. This
indicates that West Europe, South Asia, East Asia, and Central Europe have demands that exceed
domestic ammonia production and, thus, depend on imports for agricultural, chemical, and

industrial applications. Finally, Eastern Europe and Central Asia, North America, Africa, and
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Oceania have trade balances near zero, indicating that these regions produce approximately the
necessary amounts of ammonia needed to support domestic demand.

In 2022, some of the leading ammonia-importing countries were the United States, India,
Morocco, South Korea, and Turkey. Table 4.3 shows the top ten ammonia-importing countries in
2022. The United States topped the list with approximately $2.31 billion in exports, amounting to
about 2.42 MMT of ammonia. U.S. ammonia imports came in primarily from Canada, Trinidad,
and Saudi Arabia. India followed as the second-largest importer, with imports valued at around
$2.16 billion and a volume of approximately 2.14 MMT of ammonia. Morocco imported about
$1.80 billion and 1.96 MMT of ammonia, while South Korea imported an estimated $1.14 billion,

totaling approximately 1.34 MMT of ammonia (Table 4.3).
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Table 4.3: Top 10 Ammonia Imports in 2022 (Thousand metric tons)

Total Imports Top Three Sources

2022 | Country 2022 | 2021 | 2020 1st 2nd 3rd

Rank

1 United States | 2,420 | 2,600 | 2,388 Canada Trinidad Saudi Arabia

2 India 2,135 | 2,328 | 2,565 | Saudi Arabia Indonesia Iran

3 Morocco 1,966 | 1,725 | 1,855 Trinidad Saudi Arabia Algeria

4 South Korea | 1,317 | 1,401 | 1,199 | Indonesia | Saudi Arabia Australia

5 Turkey 909 853 | 1,185 | Saudi Arabia Qatar Egypt

6 Belgium 802 937 774 | United States Trinidad Netherlands

7 Germany 742 668 615 | United States | Netherlands Belgium

8 Norway 571 668 538 | United States Trinidad Algeria

9 France 501 631 532 Algeria Netherlands United
Kingdom

10 Taiwan 470 625 563 | Indonesia | Saudi Arabia Iran

Source: Nutrien (2023)

4.1.4. End-Use Markets

Approximately 80% of global ammonia is used as fertilizer (Chen et al., 2019; Pattabathula
& Richardson, 2016).In the agricultural sector, ammonia is a crucial source of nitrogen, which is
an essential nutrient for plant growth. Whereas some plants, like legumes, have the necessary
symbiotic relationship with bacteria that allows for nitrogen fixation, others do not. Thus, there is
a need for ammonia-based fertilizers. Ammonia is used as fertilizer in the form of anhydrous
ammonia, ammonium nitrate, ammonium sulfate, and urea. Ammonia-based fertilizers are heavily

relied on to improve crop yields, especially in the face of soil degradation.
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The remaining 20% is used for industrial, manufacturing, and environmental applications
(Chen et al., 2019; Ciconkov, 2018). Approximately 10 to 15% of ammonia is used for industrial
applications. Ammonia is a vital raw material used in the production of plastics like nylon and
polyurethanes, and used as a treatment agent for fabrics, like cotton, in the textile industry.

Ammonia is also used in manufacturing explosives like ammonium nitrate. While the
mining industry uses ammonium nitrate to break rocks and extract ores, the construction industry
uses it in demolition and construction projects. Furthermore, ammonia is used for various cooling
applications. In the food industry, ammonia is used as a refrigerant in food processing plants, cold
storage warehouses, and supermarkets. Ammonia is also used in cooling systems for power plants,
chemical factories, and ice production plants.

Ammonia has an environmental application. More specifically, it has been used in the
treatment of wastewater and air pollution control. Ammonia has been used in the denitrification
process to extract nitrogen from effluents to mitigate the eutrophication of water bodies that may
be harmful to aquatic biodiversity. Similarly, ammonia has been used in the reduction of industrial
pollution. Particularly, ammonia is used in flue gas desulfurization to reduce sulfur dioxide
emissions from power plants and industrial boilers to improve air quality.

Finally, ammonia has also been acknowledged to play a key role in the clean energy
transition, particularly due to its potential as a carbon-free fuel and a versatile hydrogen carrier
(Tan et al., 2024). In efforts to decarbonize energy systems, ammonia has been identified to play
a key role in the hydrogen economy (Erdemir & Dincer, 2020; MacFarlane et al., 2020). It has
been explored for hydrogen storage and transportation, and fuel cells to support power generation
and shipping. Particularly, green ammonia can be used as a fuel in power plants either directly or

converted back to hydrogen, as well as fuel for shipping in maritime decarbonization. Additionally,
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studies have been conducted to investigate the potential of green ammonia to store renewable

energy, given the intermittency of renewable energy sources like wind and solar.

4.2. Overview of the U.S. Market for Ammonia
4.2.1. U.S. Production

The study focuses on the United States as one of the leading producers of ammonia.
According to the U.S. Geological Survey (2024a), approximately 14 MMT of ammonia were
produced in the United States in 2023, a 52.67% increase from 9.17 MMT in 2013. A total of 17
companies produced ammonia at 36 facilities located in 17 states across the United States. The
U.S. Geological Survey (2024a) reported that 60% of the country’s ammonia production occurred
in Louisiana, Oklahoma, and Texas as a result of their vast gas reserves. In 2023, U.S. ammonia
facilities ran at roughly 90% of the rated capacity.

Figure 4.5 shows the fluctuations in U.S. production quantities from 1960 to 2023.
Generally, the U.S. has experienced an upward trend in ammonia production from the 1960s
through to 2023. However, ammonia rose steeply through the 1960s and 1970s in response to
ammonia demand increases. According to Pattabathula and Richardson (2016), the demand for
ammonia during this time resulted in the development of larger and more efficient plants. These
plants integrated the previously separate processes and units in ammonia synthesis (Pattabathula
& Richardson, 2016). For example, during the 1960s, the American Oil Company installed a
single-converter, 544 MT/day ammonia production plant in Texas City, TX, which was designed
by M.W. Kellogg (Amhamed et al., 2022).

Figure 4.5 further shows a decline in production in the 1980s, a period that saw a reduction

in crop acreage and a rise in natural gas prices. Consequently, fertilizer demand dropped during
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this period. Despite increases in the early 1900s, between 2000 and 2006, the volatility in the U.S.
natural gas prices resulted in a 17% reduction in the total annual U.S. ammonia supply (Huang,
2007a). According to Huang (2007), U.S. ammonia production saw a 44% decline during that
period. Additionally, from the late 2000s to 2023, U.S. ammonia production increased with a
decline in 2021. The low and stable natural gas prices during this period fueled increasing ammonia
production. The consistently low price led to both the development of new ammonia production
capacity and the reopening of previously closed ammonia plants (U.S. Energy Information
Administration, 2022a). In 2021, the production of ammonia decreased, mirroring the increasing
domestic natural gas prices resulting from various factors like weather-induced production and
pipeline disruptions, an increase in natural gas exports due to international natural gas prices, and
competition with alternative fuels for power generation (U.S. Energy Information Administration,

2022D).
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Figure 4.5: U.S. Ammonia Production and Consumption and Natural Gas Prices (1960-2024)
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4.2.2. U.S. Consumption and Application Segments

The United States is the second-largest consumer of global ammonia (U.S. Energy
Information Administration, 2022a; United States Environmental Protection Agency, 2022). Over
the past decade, the U.S. consumed an average of 14.69 MMT of ammonia (U.S. Geological
Survey, 2024b). Figure 4.5 shows ammonia consumption in the United States from 1960 to 2023.
From Figure 4.5, we observe that U.S. ammonia consumption has been trending upward since the
1960s. The increase in the U.S. ammonia consumption between 1960 and 2023 may be the result
of increasing demands for food and biofuel policies that incentivized cropland expansion and, thus,

increased the demand for fertilizer. From the 1960s to 1980, ammonia consumption consistently

83



rose, with the planted acreage of corn increasing over the same period. Since 1980, the ammonia
market has experienced fluctuations.

The 1980s experienced declines in U.S. ammonia consumption. The global recession in
1981 drove the U.S. fertilizer industry into an unprecedented downturn (U.S. International Trade
Commission, 1998). Additionally, the 1985 farm bill introduced the Conservation Reserve
Program (CRP) to protect highly erodible land from crop production. The CRP contract sought to
conserve and improve soil and water resources, requiring participating farmers to restore the highly
erodible land by planting grass, trees, and other acceptable vegetative covers (Glaser, 1986). These
conservation efforts reduced crop acres during the period, which led to a decline in ammonia
consumption. Bekkerman et al. (2020) assert that the 1980s saw U.S. fertilizer usage decrease by
22% compared to its peak in 1979 and 1980.

In 2008, ammonia prices increased in response to higher energy prices, further increasing
fertilizer prices. The increased prices of fertilizer led to a reduction in fertilizer consumption. From
2010, there was an increased demand for biofuels, particularly ethanol, which increased corn prices
and corn demand. Due to derived demand, the growing demand for corn boosted ammonia-based
fertilizer.

Consistent with prevailing global ammonia demand patterns, about 88% of U.S. domestic
ammonia consumption is directed towards agriculture, particularly for fertilizer production. It is
directly applied to the soil as anhydrous ammonia or converted into urea, ammonium nitrates,
ammonium phosphates, and other nitrogen compounds. According to Kermeli et al. (2017), the
remaining 12% was allocated to a broad range of industrial applications, including the
manufacturing of plastics, fibers for textiles, explosives, amines, amides, and other organic

nitrogen compounds.
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Additionally, the applications of nitrogenous fertilizers for corn, cotton, soybeans, and
wheat in the United States are presented in Figure 4.6. The Figure shows that corn production has
represented the largest share of nitrogenous fertilizer use for many decades. Corn is a highly
nitrogen-dependent crop, and thus, the increase in corn acreage from 1964 to 2010 resulted in
boosted fertilizer use during the period (Figure 4.7). This study found a correlation of 0.8131
between corn acreage and nitrogen-based fertilizer use, suggesting a strong positive relationship
between them. Wheat’s nitrogen-based fertilizer use reflects wheat planted acreage, which trended
upward through the 1980s and early 1990s and began to decrease from 1996 to the present.
Between 1964 and 2010, a correlation of 0.5217 was found between wheat acreage and nitrogen-

based fertilizer use.

Figure 4.6: Nitrogen-Based Fertilizer Use by Crop (1964 - 2010)
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Figure 4.6 shows that cotton has experienced fluctuations in its nitrogen use from 1964 to
2010, mirroring its planted acreage as shown in Figure 4.7.. This study found a correlation of
0.7838 between cotton acreage and nitrogen-based fertilizer use, suggesting a strong positive
relationship between them. On the other hand, soybeans have a relatively lower fertilizer usage,
which is attributed to the crop’s nitrogen-fixing property, allowing the crop to require little to no
synthetic nitrogen. However, there remains a strong positive relationship between soybean acreage

and nitrogen-based fertilizer use with a correlation coefficient of 0.8637.

Figure 4.7: Crop Acreage and Nitrogen-Based Fertilizer Use (1964 — 2010)
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4.2.3. U.S. Ammonia Trade

In 2024, the United States exported approximately 0.880 MMT of ammonia (U.S.

Geological Survey, 2024a). U.S. ammonia exports have grown over the past decade, with a slight

decrease in 2024 (Figure 4.8). According to the U.S. Geological Survey (2025), U.S. ammonia

exports have increased by approximately 68% from 2005 to 2024, from about 0.525 MMT to

approximately 0.880 MMT, respectively. This aligns with U.S. domestic production increases and

declines in U.S. ammonia consumption over the same period.

Figure 4.8: U.S. Ammonia Exports, Imports, and Net Trade (2000 - 2024)
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Figure 4.8 further shows that the U.S. also imported about 1.80 MMT of ammonia in 2024.

In 2022, the top three sources of U.S.-imported ammonia were Trinidad and Tobago, Canada, and
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Saudi Arabia (Nutrien, 2023b). While the U.S. has relatively low-cost natural gas, it remains a net
importer of ammonia because the demand for ammonia exceeds the domestic production capacity.
Trinidad and Tobago’s ammonia industry is heavily export-oriented with minimal domestic
demand and a favorable investment climate. With the largest installed ammonia production
capacity, Trinada and Tobago’s Point Lisas is a primary hub for ammonia supply, making the
country the largest net ammonia exporter worldwide (Rouwenhorst, 2025). Over the past two
decades, U.S. ammonia imports dropped by approximately 72.3% from 2005 to 2024, declining
from about 6.5 MMT in 2005 to roughly 1.8 MMT in 2024. This decline is reflective of the
increased U.S. ammonia production and ammonia production expansion through new production

facilities and leveraging old ones.

4.2.4. Competitive Landscape

In 2023, CF Industries Inc. was the leading ammonia-producing company in the United
States (Figure 4.9) with a plant production capacity of roughly 7.13 MMT (Table 4.4). Koch
Industries Inc., Nutrien, and LSB Industries trailed second, third, and fourth with plant production
capacities of approximately 2.80 MMT, 2.54 MMT, and 0.84 MMT, respectively. CF Industries
Inc., Koch Industries Inc., Nutrien, and LSB Industries together accounted for about 77% of the

U.S. ammonia production capacity.
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Figure 4.9: Distribution of 2023 U.S. Ammonia Production by Producing Companies
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Other ammonia companies in the United States include Coffeyville Resources, Yara/BASF
JV, Advansix, Mosaic Company, Dakota Gasification Co., OCI Beaumont LLC, Dyno Nobel Inc.,
J.R. Simplot Co., Nebraska Nitrogen, Austin Powder (US Nitrogen), Shoreline Chemical, and

Chevron Chem. Co. (Nutrien, 2025a).
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Table 4.4: 2023 Ammonia Plant Capacities (‘000 Metric Ton of Ammonia Per Year)

Company Capacity
CF Industries Inc. 7130
Koch Industries Inc. 2800
Nutrien 2535
LSB Industries 840
Coffeyville Resources 775
Yara/BASF JV 725
Advansix 515
Mosaic Company 510
Dakota Gasification Co 365
OCI Beaumont LLC 330
Dyno Nobel Inc. 275
J.R. Simplot Co. 210
Nebraska Nitrogen 90
Austin Powder (US Nitrogen) 60
Shoreline Chemical 30
Chevron Chem. Co. 25

Source: Nutrien (2025a)

4.2.4.1. CF Industries Inc.
CF Industries Holdings, Inc. is an American fertilizer company founded in 1946. The

company was originally founded as Central Farmers Fertilizer Company by nine farm cooperatives
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in the Midwest, purchasing fertilizer supplies for its members (CF Industries Holdings Inc.,
2025c¢). CF Industries Inc. began manufacturing nitrogen fertilizer in Kansas, phosphate fertilizer
in lIdaho, and potash fertilizer in New Mexico in 1954, 1955, and 1958, respectively. By 1966, the
company expanded into ammonia production at its first plant in Donaldsonville, Louisiana. In
1970, the company rebranded as CF Industries and went public in 2005, trading on the New York
Stock Exchange. CF Industries Inc. acquired Terra Industries in 2010, broadening its domestic
network.

Together with its subsidiaries, CF Industries manufactures and sells nitrogen and hydrogen
for energy, fertilizer, and emissions abatement principally in North America and Europe. With
specific reference to its ammonia fertilizer, CF Industries has an annual production capacity of
about 10 MMT. Its ammonia fertilizer products are granular urea, urea ammonium nitrate (UAN),
and ammonium nitrate.

CF Industries Inc. strategically established its production facilities close to major natural
gas reserves. Notable CF Industries Inc. facilities are located in Donaldsonville (Louisiana), Port
Neal (lowa), Verdigris (Oklahoma), Yazoo City (Mississippi), Woodward (Oklahoma),
Billingham (UK), Medicine Hat (Alberta), and Courtright (Ontario). It also has a joint venture in
Point Lisas (Trinidad) with an annual gross ammonia capacity of 360,000 tons. Its Donaldsonville
facility is the largest ammonia production complex in the world, with an average annual gross
capacity of 4.34 million tons of ammonia, while its Medicine Hat, Alberta facility is the largest

ammonia production complex in Canada, with 1.23 million tons of ammonia (Table 4.5).
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Table 4.5: CF Industries Holdings, Inc.’s Average Annual Gross Ammonia Capacity by
Location

Region/Country/State City Capacity (Tons)
Louisiana Donaldsonville 4,335,000
Alberta Medicine Hat 1,230,000
lowa Port Neal 1,230,000
Oklahoma Verdigris 1,210,000
UK Billingham 590,000
Mississippi Yazoo City 570,000
Ontario Courtright 500,000
Oklahoma Woodward 480,000
Trinidad Point Lisas 360,000

Source: CF Industries Holdings (2025).

As shown in Figure 4.10, the company operates 23 distribution facilities throughout the
U.S. and western Canada and has about 3 million tons of product storage across its
manufacturing and distribution facilities (CF Industries Holdings Inc., 2025a). According
to CF Industries Holdings (2025a), two manufacturing sites and ten distribution hubs are
connected to the NuStar Ammonia Pipeline. CF Industries Holdings Inc.’s facilities have
manufacturing flexibility, enabling the company to adapt its product mix to align with evolving

demand patterns.
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Figure 4.10: CF Industries' Production and Distribution Network

@ CF manufacturing complex
@ CF owned distribution facility

NuStar Ammonia Pipeline

Source: CF Industries Holdings (2025)

Since 2020, CF Industries Holdings Inc. has pursued strategies to advance clean ammonia
production. It launched a project in 2021 that would employ alkaline electrolyzers at its
Donaldsonville Complex to produce about 20,000 tons of green ammonia annually (CF Industries
Holdings, Inc., 2021) and signed a carbon capture and sequestration agreement with ExxonMobil
in 2023 (CF Industries Holdings, Inc., 2025c). The company further plans to construct a CF
Industries’ Blue Point Complex in Louisiana to allow for carbon capture through its 2025
partnership with JERA Co., Inc. and Mitsui & Co., Inc. (CF Industries Holdings Inc., 2025b;

Louisiana Economic Development, 2025).
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4.2.4.2. Koch Industries Inc.

Koch Industries Inc. is the second-largest privately owned enterprise in the United States,
with annual revenues of more than $125 billion (Forbes, 2025). Headquartered in Wichita, Kansas,
it was founded in 1940 by Fred C. Koch as a small oil collection and refining operation. In 1988,
Koch Industries Inc. entered into the ammonia business, and by 1989, Koch Nitrogen Company
was established to facilitate the marketing and distribution of ammonia. Koch Industries Inc. has
since expanded through organic growth, mergers, and acquisitions. It acquired Georgia-Pacific,
the largest paper-products and packaging material manufacturer, in 2005 and Molex, the
electronic, electrical, and fiber optic connectivity systems manufacturer, in 2013. It has a diverse
portfolio across different sectors, including agriculture, manufacturing, refining, energy,
chemicals, and petroleum distribution. With a presence in more than 50 countries (Figure 4.11),

the company employs approximately 120,000 people globally.

Figure 4.11: Koch Industries Inc. Global Footprint

Source: Koch Industries Inc. (2025b)
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Koch Industries has many companies, including Flint Hills Resources, Invista, Molex,
Georgia-Pacific, Koch Minerals and Trading, Koch Engineered Solutions, and Koch Ag and
Energy Solutions (Koch Industries Inc., 2025a). Koch Ag and Energy Solutions plays an
instrumental role in the ammonia market through a subsidiary, Koch Fertilizer. Koch Fertilizer is
a vital segment of Koch Industries’ operations. The company is notably one of the largest fertilizer
producers with a production capacity of over 10 MMT annually (Koch Fertilizer, 2025). Koch
Fertilizer is one of the world’s leading producers and distributors of nitrogen fertilizers like
anhydrous ammonia, urea, and related products. The company has over 400 manufacturing plants
across the United States, Canada, Trinidad and Tobago, and Venezuela (Koch Industries Inc.,
2010).

Koch’s nitrogen facility in Enid, Oklahoma, stands as one of the major North American
fertilizer production plants (MEI Solutions, 2022). This facility produces ammonia, Urea
Ammonium Nitrate (UAN), and granular urea. This facility produces about 1 MMT of ammonia
each year. Koch has recently invested more than 150 million dollars in this facility in addition to
its previous investment of 1.3 billion dollars from 2014 to 2017 (Koch Fertilizer, 2021). Other
investments include 140 million dollars allocated to its Fort Dodge, lowa plant, 90 million dollars
allocated to its Beatrice, Nebraska plant, and a 30 million dollar expansion of the Manitoba,
Canada plant (Koch Ag and Energy Solutions, 2023).

Koch has made investments in clean energy initiatives that will enable it to continue its
production of ammonia and ammonia-derived products while decarbonizing its operations. It has
five core focus areas: innovation, energy efficiency, air quality, water, and responsible resource
management (Koch Industries Inc., 2025b). Koch Industries Inc. has invested approximately $2.2

billion in energy efficiency projects across its U.S. facilities while committing over $2 billion to
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advance energy technologies, including battery, energy storage, and solar power infrastructure, in
its efforts to lessen its dependence on natural resources like natural gas and water reduce

greenhouse gas emissions (Koch Industries Inc., n.d.).

4.2.4.3. Nutrien

Nutrien is a Canadian company specializing in crop inputs and agricultural services and
solutions. The company produces and distributes about 26 million tonnes of potash, nitrogen, and
phosphate products to agricultural, industrial, and feed customers. Established in 2018 by a merger
between PotashCorp and Agrium, Nutrien is currently headquartered in Saskatoon, Saskatchewan,
Canada. Listed on both the Toronto Stock Exchange and the New York Stock Exchange, it operates
a large network of facilities in multiple countries across North America, South America, Europe,
and Australia (Figure 4.12). Aside from providing customers with fertilizers and other crop inputs,

the company provides multiple efficient logistics and innovative agricultural solutions.
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Figure 4.12: Nutrien's Global Presence
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Source: Nutrien (2023)

Nutrien has four operating segments: retail, potash, nitrogen, and phosphate. Its retail
activities are operated by Nutrien Ag Solutions over 2000 retail locations in seven countries,
offering crop nutrients, crop protection products, seed, and application services (Nutrien, 2023a).
Nutrien operates nine nitrogen-based fertilizer facilities located in Carseland (Alberta, CA), Joffre
(Alberta, CA), Fort Saskatchewan (Alberta, CA), Redwater (Alberta, CA), Augusta (Georgia,
U.S.), Borger (Texas, U.S.), Geismer (Louisiana, U.S.), Lima (Ohio, U.S.), and Point Lisas
(Trinidad and Tobago. Its Pointy Lisas facility is its largest ammonia production complex, with an

average annual gross capacity of 2.20 MMT of ammonia, while its Redwater, Alberta facility is
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the largest ammonia production facility in Canada, with 0.95 MMT of ammonia (Table 4.6). Table

4.6 further shows that its Georgia facility is the largest ammonia production facility in the U.S.

Table 4.6: Nutrien’s Average Annual Gross Ammonia Capacity by Location

Region/Country/State City Capacity (Metric Tons)
Alberta, CA Carseland 540,000
Alberta, CA Joffre 490,000
Alberta, CA Fort Saskatchewan 450,000
Alberta, CA Redwater 951,000
Georgia, U.S. Augusta 765,000
Texas, U.S. Borger 470,000
Louisiana, U.S. Geismar 535,000
Ohio, U.S. Lima 725,000
Trinidad and Tobago Point Lisas 2,200,000

Source: Nutrien (2023b)

The sales revenue of Nutrien Ag Solutions was in excess of $130 billion in 2023. But its
principal distinguishing competitive advantage is in being the world’s largest potash producer,
with a capacity of over 20 MMT and sales in over 40 countries (Nutrien, 2025d, 2025c).
Additionally, the company is the third-largest producer of nitrogen worldwide and the second-
largest phosphate producer in North America (Nutrien, 2025d).

Nutrien is pursuing low-carbon initiatives to reduce emissions from its operations while
still ensuring economic value creation and fulfilling its purpose of “feeding the future”.
Approximately 95% of the company’s emissions are attributed to fertilizer production. Nutrien’s

climate strategy involves process improvements at it production facilities, particularly focusing on
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enhancing energy efficiency, improving equipment reliability, nitrous oxide (N.O) abatement, and
lowering the carbon footprint of ammonia production (Nutrien, 2025b) Nutrien completed its N2O
abatement program, installing equipment in facilities in Geismar, LA, Augusta, GA, Kennewick,
WA, and Lima, OH between 2021 and 2023. These projects resulted in over 80% of N2O emissions
from nitric acid production in our Nitrogen fertilizer production facilities by the end of 2024.
With regard to its lower carbon intensity ammonia, Nutrien focused on carbon capture,
utilization, and storage (CCUS). The company’s Redwater, Alberta facility has been capturing and
exporting CO2 since 2020, and in 2024, it captured and exported 1 MMT of CO2 into the Alberta
Carbon Trunk Line (Nutrien, 2025b). Despite continuous efforts in promoting clean ammonia,
Nutrien discontinued its plan for a clean ammonia project in Geismar, LA. Furthermore, a 2024
feasibility study showed that decarbonization at the Redwater, Alberta facility is not economically

viable with current technologies (Nutrien, 2025b).

4.2.4.4. LSB Industries

LSB Industries is a U.S.-based manufacturing company established in 1968 by Jack
Golsen. The company is publicly traded on the New York Stock Exchange and is headquartered
in Oklahoma City. LSB Industries expanded over the years, acquiring a chemical manufacturing
facility in El Dorado (Arizona) from Monsanto in 1983 and another in Cherokee (Alabama) from
La Roche Industries (LSB Industries, 2025c). After acquiring a facility in Pryor (Oklahoma) in
2000, LSB Industries restarted production. It also operates Covestro LLC’s Baytown, Texas
facility. LSB Industries strategically established its production facilities close to low-cost U.S.

natural gas and key end-user markets (LSB Industries, 2025f) (Figure 4.13).
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Figure 4.13:

LSB Industries Production Locations
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Source: LSB Industries (2025f)

LSB Industries specializes in manufacturing ammonia and ammonia-related products for

industrial, agricultural, and mining purposes. The company manufactures and sells a diverse range

of products,

anhydrous ammonia. Sold across North America, these products are made for its two principal
markets, the agricultural and industrial markets, for fertilizers, water treatment, pulp and paper,
semi-conductors, mining, as well as automotive, refrigerants, metals processing (LSB Industries,

2025e). Its fertilizer products are urea ammonium nitrate solution (UAN), high-density ammonium

including nitric acid, sulfuric acid, mixed acids, ammonium nitrate solution, and

nitrate (HDAN), and ammonia.

LSB Industries has an annual production capacity of about 0.841 MMT (LSB Industries,

2025a). In 2024, its facilities collectively produced approximately 0.757 MMT of ammonia. Table
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4.7 reveals that its EI Dorado facility is its largest ammonia production facility, with an average
annual gross capacity of 0.493 MMT of ammonia. Its Cherokee facility has an ammonia
production capacity of 0.188 MMT, while its Pryor facility has an annual ammonia production

capacity of 0.246 MMT of ammonia (Table 4.7).

Table 4.7: LSB Industries’ Average Annual Gross Ammonia Capacity by Location.

State City Capacity (Metric Tons)
Arkansas El Dorado 0.493
Alabama Cherokee 0.188
Oklahoma Pryor 0.246

Source: LSB Industries (2025b)

In the past four years, LSB Industries has pursued strategies to advance low-carbon
ammonia production. It is exploring blue ammonia production as a temporary avenue to reduce
carbon emissions associated with ammonia production in its transition toward a no-carbon process.
In 2022, LSB Industries announced a blue ammonia project at its EI Dorado facility that would
employ carbon capture and sequestration, while generating between 0.305 and 0.380 MMT of low-
carbon ammonia annually (LSB Industries, 2025d). With a partnership with Bloom Energy and
thyssenkrupp, it further plans to construct a green ammonia project at its Pryor facility, offering to
generate 0.03 MMT of ammonia yearly (Njovu, 2023a). Furthermore, in 2023, LSB Industries
partnered with INPEX Corporation, Air Liquide, and Vopak Moda to begin a pre-FEED stage for
a large-scale CCS-based ammonia project that is expected to produce over 1.1 MMT annually by

the end of 2027 (Njovu, 2023c).
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Both the global and U.S. ammonia markets are experiencing structural changes brought on
by demand and supply dynamics and decarbonization efforts. While a few companies dominate
the global and U.S. ammonia markets, these companies are redefining competitiveness through
transitions from conventional ammonia production to blue and green ammonia production. The
interactions between energy, fertilizer, and sustainability policy reveal that ammonia market
dominance will not only be determined by access to feedstock and plant scale, but also the
flexibility to embark on a cleaner production trajectory. This sets the stage for exploring whether
the transition from conventional ammonia production to zero-carbon ammonia production is

economically feasible now with current technologies.

102



Chapter 5 - Results

The chapter is organized into two broad sections. The first section presents the results of
the price transmission analysis, testing the hypothesis that energy, ammonia, and crop prices are
cointegrated and that this introduces significant risks to the cost of crop production. The second
section presents the results of the techno-economic feasibility analysis of green ammonia
production in Western Kansas. It also presents sensitivity analyses focusing on ammonia price and

the efficiency levels of electrolyzers.

5.1. VECM Analysis
5.1.1. Input, Energy, and Commodity Price Summary Statistics

Recall that it was postulated that natural gas prices affected ammonia prices, which in turn
affected crop prices. Table 5.1 shows the summary statistics of crop, ammonia, and natural gas
prices from 2014 to 2024. The table shows that, over the period, soybeans had the highest average
price per bushel among the agricultural commodities at $10.94. Sorghum has an average price of
$7.80 per cwt. The average price of wheat was $5.86 per bushel, while the price of corn averaged
$4.34 per bushel. For the same period, the price of anhydrous ammonia averaged $714.60 per ton.
On average, natural gas prices averaged $3.21 per million BTU.

Table 5.1 further shows the standard deviations for the variables. Soybeans and Sorghum
both have a standard deviation of 2.35. Meanwhile, corn and wheat have a standard deviation of
1.18 and 1.59, respectively. Anhydrous ammonia has a high standard deviation of 306.14. Finally,

Table 5.1 shows that natural gas has a standard deviation of 1.39.
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Table 5.1: Descriptive Statistics of Annualized Price Data (N = 132)

Variable Mean St. Dev Min Max

Agricultural Commodities

Corn 4.34 1.18 3.12 7.38
Wheat 5.86 1.59 3.48 10.90
Sorghum 7.80 2.35 4.59 13.20
Soybeans 10.94 2.35 8.02 16.40

Farm Input Variable
Anhydrous 714.60 306.14 401.00 1606.10

Ammonia

Energy Variables
Natural Gas 3.21 1.39 1.49 8.81

5.1.2. Correlation Matrix

Table 5.2 reports the correlations among corn, wheat, sorghum, soybeans, anhydrous
ammonia, and natural gas. The results in Table 5.2 show that all prices were positively correlated
and statistically significant. The fact that the correlation coefficients between natural gas prices,
anhydrous ammonia prices, and the prices of corn, soy, sorghum, and wheat are all statistically
significant at the 1% level provides some indication of the price transmissions and cointegration

of these prices.
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Table 5.2: Correlation Matrix

Variable Corn Wheat  Sorghum  Soybeans Anhydrous Natural
Ammonia Gas

Corn 1.000

Wheat 0.913*** 1.000

Sorghum 0.917***  (0.888*** 1.000

Soybeans 0.905***  (0.868*** 0.878*** 1.000

Anhydrous 0.862***  0.906*** 0.795*** 0.752*** 1.000

Ammonia

Natural Gas 0.588*** 0.658*** 0.485*** 0.591*** 0.635*** 1.000

Significance levels: ***p <0.01, **p <0.05, *p <0.1

5.1.3. Vector Error Correction Model (VECM) Analysis

The Vector Error Correction Model (VECM) is a restricted version of a Vector

Autoregression (VAR) model and is specifically designed for analyzing cointegrated time series.

It combines short-run dynamics with long-run equilibrium relationships among variables.

Cointegration occurs when two or more non-stationary time series have a long-run equilibrium

relationship, even though they may deviate from that equilibrium in the short run. A VAR model

analyzes the relationships between multiple time series variables, treating each as both a predictor

and a response. Over time, non-stationary time series variables may experience shocks associated

with the environment in which they are developed. For example, supply and demand conditions

could influence the behavior of crop prices even as input price market conditions could cause
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swings in commodity prices. The VECM, based on its assumption of long-run equilibrium despite
short-term dynamics, incorporates an “error correction term” that captures the speed at which
variables adjust back to their long-run equilibrium relationship after a shock or deviation.

The implementation of the VECM for the prices in this study started with conducting the
stationarity tests for the prices using the Augmented Dickey-Fuller (ADF) test. The ADF test
determines if the time series are stationary or non-stationary, i.e., has unit roots. Non-stationary
series are tested for cointegration before VECM can be appropriately employed to determine if

long-run equilibrium relationships exist. This study used the Johansen cointegration test.

5.1.3.1. Stationarity Assessment at Levels

In order to proceed with a VECM analysis, the study first tests if the price series of the
dataset are of the same order (1(1)). That means determining if each price series is non-stationary
in levels but is stationary in first difference. To test if each series is non-stationary at logarithmic
levels, an Augmented Dickey-Fuller (ADF) test was conducted. The ADF Test requires an optimal
lag length and, thus, the lag length selection criteria in each separate variable are presented in Table
5.3 below. The AIC, SBIC, and HQIC information criteria are used to determine the optimal lag
lengths for each price series. Asterisks are used to indicate the selected number of lags for each
method. From Table 5.3, the optimal lag length for the log of the prices of corn, wheat, sorghum,
anhydrous ammonia, and soybeans is 2, while the lag length for the log of the price of natural gas

is 1.
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Table 5.3: Lag Length Selection Criteria for Each Variable for the ADF Test

Variable Lag AIC HQIC SBIC
logCo, 0 0.06 0.07 0.08
1 -3.29 -3.28 -3.25

2 -3.50* -3.47* -3.43*

3 -3.49 -3.45 -3.40

4 -3.48 -3.44 -3.37

logWH, 0 0.11 0.12 0.13
1 -3.36 -3.34 -3.32

2 -3.47* -3.45* -3.41*

3 -3.46 -3.43 -3.38

4 -3.46 -3.42 -3.35

logSOR, 0 0.38 0.39 0.40
1 -2.55 -2.54 -2.51

2 -2.60* -2.57* -2.53*

3 -2.59 -2.55 -2.50

4 -2.57 -2.53 -2.46

logSoy, 0 -0.33 -0.32 -0.30
1 -3.57 -3.55 -3.52

2 -3.81* -3.78* -3.74*

3 -3.80 -3.76 -3.71

4 -3.78 -3.74 -3.67

logAM, 0 0.81 0.82 0.83
1 -2.33 -2.32 -2.29

2 -2.48* -2.46* -2.42*

3 -2.47 -2.44 -2.39

4 -2.46 -2.42 -2.35

logNG, 0 0.79 0.80 0.82
1 -0.69* -0.67* -0.65*

2 -0.68 -0.65 -0.61

3 -0.67 -0.63 -0.58

4 -0.67 -0.62 -0.55

Note: * = optimal lag. All variables are in logarithmic form.
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Next, the ADF test on the level variables is conducted using the lag lengths determined in
Table 5.3. The ADF test is performed under two model specifications: (i) with a constant (drift)
but no trend, and (ii) with a constant (drift) and a trend. The p-value of the test is compared to a
significance level to determine whether the null hypothesis of non-stationarity can be rejected. The
results from the ADF test with a constant and without trend are presented in Table 5.4. The results
reveal the presence of unit root in the price series for corn, wheat, sorghum, soybeans, and
anhydrous ammonia. These price series are non-stationary at the one, five, and ten percent
significance levels. However, for natural gas, the results show a moderate presence of stationarity
at the five percent level. The results of the ADF test with both constant and trend reveal the
presence of unit root in all price series and, thus, all price series are non-stationary at the one, five,
and ten percent significance levels.

Given that prices are generally expected to exhibit trends, the study relies on the results
from the ADF test specification that includes both a constant and trend, rather than the specification

with only a constant. The study proceeds to differencing the time series and testing for stationarity.
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Table 5.4: Results from Augmented Dickey-Fuller Test (ADF)

Constant (Drift) - No Trend  Constant (Drift) - Trend

-ags Used Test Statistic P-Value Test P-Value
Statistic
logCo, 2 -1.598 0.485 -2.260 0.456
logWH, 2 -1.382 0.591 -1.890 0.660
logSOR, 2 -1.529 0.518 -2.043 0.578
logSoy, 2 -2.114 0.239 -2.636 0.264
logAM, 2 -1.589 0.489 -1.783 0.713
logNG; 1 -2.890** 0.047 -2.853 0.178

Significance levels: ***p <0.01, **p <0.05, *p <0.1

5.1.3.2. Stationarity Assessment Post First-Differencing

With all price series confirmed to be non-stationary, first-differencing was conducted, and
the Augmented Dickey-Fuller (ADF) test was utilized to determine stationarity. A summary and
an interpretation of the most recent ADF test results from differencing the time series are presented
in Table 5.5. The results from the ADF test with a constant and without trend reveal the absence
of unit root price series for corn, wheat, sorghum, soybeans, and anhydrous ammonia. These price
series are stationary at the one, five, and ten percent significance levels. The results of the ADF

test with both constant and trend also reveal the absence of unit root in all price series and, thus,
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all price series are stationary at the one, five, and ten percent significance levels. The absence of

unit root in the price series after first-differencing is indicative of stationarity.

Table 5.5: ADF Test Results from Differencing

Constant (Drift) - No Trend  Constant (Drift) - Trend

Lags Used o
Test Statistic P-Value Test P-Value
Statistic
logCo; 2 -5.094*** 0.000 -5.078*** 0.000
logWH, 2 -5.460*** 0.000 -5.456*** 0.000
logSOR, 2 -6.617*** 0.000 -6.593*** 0.000
logSoy, 2 -5.282%** 0.000 -5.293*** 0.000
logAM, 2 -5.672*** 0.000 -5.648*** 0.000
logNG; 1 -9.124*** 0.000 -6.495*** 0.000

Significance levels: ***p <0.01, **p <0.05, *p <0.1

5.1.3.3. Johansen Cointegration

Each price series is non-stationary in levels but is stationary at first difference, implying
that these variables are all integrated of order one. This also implies the possibility of the existence
of a long-run relationship between them. This is an essential condition for conducting a

cointegration test. The Johansen cointegration test is utilized. However, before conducting the test,
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the optimal lag length for the entire VECM model needs to be determined. The results for the lag
selection criteria are presented in Table 5.6. From the table, the AIC estimates two lags while the
HQIC and the SBIC estimate one lag. The study employs one lag in line with SBIC and HQIC as
these impose stronger penalties on model complexity, reducing the risk of overfitting, especially

in small to moderate sample sizes.

Table 5.6: Lag Length Selection Criteria for Johansen Cointegration Test and VECM

Lag AlC HQIC SBIC
0 -5.842 -5.787 -5.708
1 -17.254 -16.874* -16.318*
2 -17.577* -16.871 -15.8393
3 -17.399 -16.366 -14.859
4 -17.180 -15.822 -13.838

Note: * = optimal lag. Variables included: corn, wheat, soybean, sorghum, anhydrous ammonia,
and natural gas. All variables are in logarithmic form.

The results from the Johansen cointegration test are presented in Table 5.7. The trace
statistics and maximum eigenvalue tests are used to determine the number of cointegration
equations. The first column contains the rank, which specifies the number of cointegrating
equations. The null hypothesis for the Trace test is that the number of cointegration equations is at
most equal to the rank (Hy:r <1i,i = 0,1,2,3, ... p), while the null hypothesis for the Maximum
Eigenvalue test is that the number of cointegrating equations is equal to the rank (Hy:r =1i,i =
0,1,2,3, ... p). Note that at the rank of 0, the null hypothesis is basically testing no cointegration.

The test is conducted sequentially, starting from rank 0 until you fail to reject the null hypothesis,
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and the last accepted null hypothesis gives the cointegration rank. From the table, both the Trace
statistic and the Maximum Eigenvalue statistic show that the null hypothesis of ‘no cointegration’
at rank 0 is rejected. However, the null hypothesis at rank 1 to rank 5 is not rejected, implying that
there exists one cointegrating equation. This implies that there is a single long-run equilibrium
relationship between the prices. Consequently, the VECM in Equations 3.4 to 3.9 were specified

with one error correction term.

Table 5.7: Johansen Cointegration Results

Trace Statistics Maximum Eigenvalue
Cointegrating Rank
(r) o Critical Value Maximum Critical Value
Trace Statistics )
(5%) Eigenvalue (5%)
0 99.05 94.15 42.12 39.37
1 56.93* 68.52 24.03* 33.46
2 32.90 47.21 16.63 27.07
3 16.27 29.68 9.82 20.97
4 6.45 15.41 4.96 14.07
5 1.49 3.76 1.49 3.76

Note: Variables included: corn, wheat, soybean, sorghum, anhydrous ammonia, and natural gas.

All variables are in logarithmic form.
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5.1.3.4. Short-Run and Long-Run Dynamics

To examine the relationships between natural gas, anhydrous ammonia, and agricultural
commodities, the VECM is estimated. The detailed VECM short-run estimation results capturing
the immediate responses among natural gas, anhydrous ammonia, and agricultural commodity log-
transformed prices are presented in Table 5.8. Since all variables are in natural logs, the
coefficients can be interpreted as elasticities, indicating that a percent change in the dependent

variable results from a one percent change in the independent variable.

Table 5.8 shows that corn prices are responsive to changes in their own past values and
lagged ammonia prices. Specifically, a one percent increase in last period’s corn prices increases
the current corn prices by 0.278 percent, while a percentage increase in the lag of ammonia prices
increases the corn prices by 0.111 percent. This indicates that fertilizer prices have a positive effect
on corn prices even in the short run. Wheat shows a strong responsiveness to the lagged wheat
prices. A one percent increase in the last period’s wheat prices increases the current wheat prices
by 0.272 percent. The results further show that the prices of the other variables do not have a

statistically significant effect on wheat prices in the short run.

The short-run results reveal that soybean prices are influenced by other price variables within
the dataset. The coefficient of the lagged soybean price is estimated at 0.380, indicating a strong
own-price effect. Additionally, wheat prices positively affect soybean prices. A one percent change
in the price of wheat leads to a 0.142 percent increase in the current price of soybeans. Meanwhile,
the coefficient of ammonia prices indicates that a one percent rise in the ammonia price leads to a

0.074 percent rise in soybean prices, reflecting the importance of input costs.
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Ammonia prices are sensitive to the changes in their own lagged price and the price of

sorghum. A percentage increase in the lagged ammonia price results in a 0.431 percent rise in

current ammonia prices, while a percentage increase in the sorghum price leads to a 0.218 percent

rise in the current price of ammonia. Finally, sorghum and natural gas prices do not exhibit any

significant short-run responses to the lagged values of any of the variables included in the analysis.

Table 5.8: VECM Outputs — Short-Run Results

AlogCO, AlogWH, AlogSOR, AlogSOY, AlogAM, AlogNG;
AlogCO,;_4 0.278** 0.089 0.001 -0.2450 0.684
AlogWH,_4 0.128 0.076 0.142** 0.079 0.251
AlogSOR,_; -0.041 0.169 0.021 0.218** -0.286
AlogSOY,_4 0.160 0.063 0.380*** -0.182 -0.444
AlogAM,_, 0.111** 0.074 0.074* 0.431*** 0.064
AlogNG,_4 -0.007 -0.038 -0.006 0.037 -0.094
Intercept 0.001 -0.001 -0.001 -0.003 -0.004

Note: Significance levels: ***p <0.01, **p <0.05, *p <0.1.

Table 5.9 presents the long-run relationships results derived from the estimated VECM as

well as the ECTs. The former represents the equilibrium elasticities among corn, wheat, sorghum,

soybeans, anhydrous ammonia, and natural gas, revealing the linkages between the variables over
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time. Meanwhile, the ECTs capture how quickly the price variables adjust to deviations from the
long-run equilibrium. In the normalized long-run equation for corn, ammonia and sorghum exhibit
statistically significant positive relationships with corn. Particularly, a one percent increase in the
ammonia prices will result in a 0.889 percent increase in corn prices in the long run, while a
percentage rise in the price of sorghum will lead to a 0.468 percent rise in corn prices. On the other
hand, wheat and natural gas prices show negative long-run effects on corn prices. With a
statistically significant negative ECT, approximately 5.5 percent of any disequilibrium in corn

prices is corrected in each period.

Table 5.9 further indicates that corn, sorghum, ammonia, and natural gas significantly
influence wheat prices. The results indicate that a percentage increase in sorghum price and
ammonia price will lead to a 0.64 percent and 1.214 percent rise in wheat prices, respectively, in
the long run. However, the results indicate that a percentage increase in corn price and natural gas
will lead to a 1.365 percent and 0.281 percent decline in wheat prices, respectively. The estimated
ECT is not statistically significant. The results further reveal that the long-run price of sorghum is
positively affected by corn, wheat, and natural gas, and negatively affected by the ammonia price.

Sorghum prices exhibit a negative ECT but are not significant.

Soybean prices are positively influenced by corn, wheat, and natural gas prices and
negatively influenced by sorghum and ammonia prices. A percentage increase in the prices of corn,
wheat, and natural gas results in a 5.167, 3.784, and 1.065 percent rise in soybean prices,
respectively. The coefficient of the sorghum price is estimated at -2.420, indicating that a
percentage increase in the price of sorghum leads to a 2.420 percent decline in the price of
soybeans. Meanwhile, the coefficient of ammonia prices indicates that a one percent rise in

ammonia prices leads to a 4.594 percent decline in soybean prices. This may be the case as higher
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ammonia prices imply higher fertilizer costs for corn production, making corn production less
profitable and crops like soybeans more attractive (Huang et al., 2009). As farmers shift acres to
soybeans, the soybean supply increases and soybean prices fall. Soybean prices exhibit a positive

ECT, but it is not significant.

Ammonia prices are significantly influenced by commodity and input markets, exhibiting
positive associations with corn, wheat, and natural gas prices and responding negatively to
increases in sorghum and soybean prices. Specifically, a one percentage point increase in the prices
of corn leads to a 1.125 percent increase in ammonia prices, while a percentage rise in wheat and
natural gas prices is associated with 0.824 and 0.232 percent increases, respectively. Conversely,
sorghum prices have a negative effect on ammonia prices: a percentage increase in the price of
sorghum leads to a 0.527 percent decline in the price of ammonia. Ammonia prices have a
statistically significant negative ECT. This indicates that approximately 13.89 percent of any

disequilibrium in ammonia prices is corrected in each period.

Finally, Table 5.9 shows that increases in the prices of corn and wheat are associated with
price declines in natural gas. A one percent increase in the corn prices will result in a 4.854 percent
decline in the price of natural gas, while a percentage rise in the sorghum prices will lead to a 3.555
percent reduction in natural gas prices. Conversely, sorghum prices and ammonia prices result in
an increase in natural gas prices. A one percent increase in the sorghum prices will result ina 2.273
percent rise in the price of natural gas, while a percentage rise in the ammonia prices will lead to

a 4.316 percent rise in the price of natural gas.
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Table 5.9: VECM Outputs — Long-Run Results

logCo; logWH, logSOR; logSOY, logAM, logNG;

ECT -0.055**  0.010 -0.015 0.006 -0.139***  -0.029
logCoO, - -1.365***  2,135***  5167***  1.125%**  -4.854***
logWH, -0.732** - 1.564***  3.784** 0.824***  -3.555**
logSOR, 0.468** 0.640** - -2.420** -0.527* 2.273***
logSoy, 0.194 0.264 -0.413 - -0.218 0.939

0.889***  1.214***  -1.898***  -4.594*** - 4.316***
logAM,
logNG, -0.206**  -0.281**  0.440** 1.065** 0.232** -
Intercept -4.269 -5.829 9.115 22.059 4.801 -20.722

Note: Significance levels: ***p <0.01, **p <0.05, *p <0.1.

The results from the VECM model show that there are a few short-run relationships that
exist between corn, wheat, sorghum, soybeans, anhydrous ammonia, and natural gas. However,
several long-run relationships were established. Particularly, there is a long-run relationship
between natural gas and ammonia. Furthermore, ammonia has effects on all the agricultural
commodities analyzed in the study. Together, these results imply that controlling the volatility in
the prices of ammonia potentially has implications for the trajectories of commodity prices.

Consequently, the study goes on to explore the technoeconomic feasibility of the proposed green
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ammonia project in Western Kansas in efforts to decouple farm input costs from price volatilities

associated with the natural gas market while ensuring sustainable agricultural production.
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5.2. Economic Feasibility Results

This section presents results from the techno-economic analysis aimed at evaluating the
feasibility of local green ammonia production in small towns and rural communities. This analysis
uses Western Kansas, where agriculture is a primary economic activity, as a case study for the
deployment of the proposed green ammonia project. The study focuses on comparing the four
alternative electrolyzer technologies — Proton Exchange Membrane (PEM), Alkaline Water
Electrolyzer (AWE), Anion Exchange Membrane (AEM), and Solid Oxide Electrolyzer Cell
(SOEC) across four ammonia price scenarios.

The analysis examines how each technology performs when the selling price of ammonia
is set at (1) a forecasted price series to reflect the current market (2) an average ammonia price of
$647.81/MT from 2014 to 2021 (period before price spikes), (3) an average ammonia price of
$1160.78/MT from 2022 to 2024 (period from the initiation of price spikes), and (4) a historically
high price of $1770.42/MT. To assess the economic viability of each scenario, the study uses
standard financial metrics. Specifically, NPV, IRR, payback period, ROI, and Pl were calculated.
The results provide information on which technology-price combinations are economically viable,
and which combinations may require more investments, advancements, and policy support. Tables
5.10 to 5.13 summarize the results of the feasibility study. A scenario is financially viable, and,
thus, worth undertaking if the NPV is positive, IRR is greater than the discount rate, and the Pl is
greater than one.

Table 5.10 shows the results of the feasibility study employing alternative electrolyzers
under the forecasted price scenario. The results reveal that the wind energy-PEM plant yields an
NPV of about -$1.08 billion with an IRR of -11.30%. The return on investment is -1.57%, and the

profitability index is estimated at -0.19. Therefore, the wind energy-PEM Scenario is not
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economically feasible with forecasted prices. Under the forecasted price scenario, the wind energy-
AWE plant yields an NPV of about -$879.09 million and an IRR of -7.77%. The return on
investment is -1.24%, and the profitability index is estimated at -0.05. Therefore, the wind energy-
AWE Scenario is also not economically viable with the forecasted ammonia price.

Table 5.10 further shows that under the wind energy-AEM with the forecasted price of
ammonia, the plant yields an NPV of about -$1.61 billion. The return on investment is -3.75% and
the profitability index is estimated at -0.99, making the wind energy-AEM with the forecasted
ammonia price series not economically feasible. The SOEC electrolyzer results are shown in Table
5.10. With the forecasted ammonia price scenario, the plant yields an NPV of about -$1.08 billion.
The return on investment is -2.64%, and the profitability index is -0.43. Therefore, the wind
energy-SOEC Scenario is not economically viable using the forecasted ammonia price series. The
payback period cannot be identified for any of the scenarios employing the forecasted ammonia

price series.
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Table 5.10: Economic Metrics for the Alternative Electrolyzers Under

Forecasted Price

Series
Forecasted
Price Electrolyzers
PEM AWE AEM SOEC
NPV -$1,075,890,926 -$879,086,407 -$1,609,101,508 -$1,082,243,451
IRR -11.30% -1.771% - -
PBP - - - -
ROI -1.57% -1.24% -3.75% -2.64%
PI -0.19 -0.05 -0.99 -0.43

Table 5.11 shows the results of the feasibility study employing the alternative electrolyzers
under an average ammonia price of $647.81/MT. Under the average price scenario, the wind
energy-PEM plant yields an NPV of about -$1.02 billion with an IRR of -6.66%. The return on
investment is -1.16%, and the profitability index is estimated at -0.13, making the wind energy-
PEM Scenario not economically feasible under the average price before the price spike. Under the
average price scenario of $647.81/MT, the wind energy-AWE plant yields an NPV of about -
$825.92 million and an IRR of -4.13%. The return on investment is -0.79% and the profitability
index is estimated at 0.01. Therefore, the wind energy-AWE Scenario is also not economically
viable with the average ammonia price.

Table 5.11 further shows that under the wind energy-AEM, which employs the average

ammonia price of $647.81/MT, yields an NPV of about -$1.56 billion. The return on investment
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is -3.29%, and the profitability index is estimated at -0.92, rendering the wind energy-AEM with
average ammonia price not economically feasible. The SOEC electrolyzer results are shown in
Table 5.11. With the average ammonia price scenario, the plant yields an NPV of about -$1.03
billion and an IRR of -13.45%. The return on investment is -2.14% and the profitability index is -
0.36. Therefore, the wind energy-SOEC Scenario is not economically viable using the average

ammonia price of $647.81/MT. The payback period cannot be identified for this scenario.

Table 5.11: Economic Metrics for the Alternative Electrolyzers Under the Average Price of
$647.81/MT

Average
Price = Electrolyzers
$647.81/MT
PEM AWE AEM SOEC
NPV -$1,022,727,187 -$825,922,668 -$1,555,937,769 -$1,029,079,711
IRR -6.66% -4.13% - -13.45%
PBP i i i i
ROI -1.16 % -0.79 % -3.29% -2.14%
Pl -0.13 0.01 -0.92 -0.36

Under the average price of $1160.78/MT, the economics improved significantly as shown
in Table 5.12. The NPV under the wind energy-PEM Scenario rose to about $841.01 million, the
IRR increased to 18.71%, and the payback period was shortened to 4.62 years. The ROl is 3.69%,

while the profitability index is 1.93. Thus, the wind energy-PEM Scenario is an economically
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viable project as the NPV is positive, the IRR is greater than the discount rate, and the profitability
index is above one. This Scenario, which is representative of extreme fertilizer shortages, is
economically viable with the higher ammonia price. The results from the table indicate that long-
term agreements at prices close to or above $1160.78 per metric ton of ammonia must be secured,
and/or complementary streams of revenue, such as renewable energy or carbon credits, must be
developed.

As was the case with the wind energy-PEM Scenario, the values for the economic metrics
analyzed improve under a higher price scenario for the wind energy-AWE Scenario. The NPV
increased to about $1.04 billion, and the IRR climbed to 22.28%. Meanwhile, the payback period
is reduced to 4.01 years. The ROl is 4.43%, and the profitability index is 2.24. This Scenario is an
economically feasible project with a positive NPV, an IRR that is greater than the discount rate,
and a profitability index that is above one. Similar to the wind energy-PEM Scenario, wind energy-
AWE Scenario’s results suggest that policies and support are essential not only to incentivize
undertaking such a project but also to make the project feasible.

Under the wind energy-AEM Scenario with the higher average price scenario, an
improvement in the financial metrics analyzed can be noticed. The NPV is roughly $307.80
million, the IRR is 13.45%, and the payback period falls to 7.33 years. The ROl is 2.11%, while
the profitability index is 1.38. This Scenario is an economically viable path with a positive NPV,
an IRR greater than the discount rate, and a profitability index above one.

The combination of the wind energy-SOEC Scenario and the higher average ammonia
price was considered. The values for the metrics analyzed significantly rose in comparison to the
base case scenario (forecasted prices). The NPV rose to about $834.66 million, and the IRR

increased to 25.28%. Meanwhile, the payback period is reduced to 2.98 years. The ROl is 3.64%,
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and the profitability index is 2.11. This wind energy-SOEC Scenario is an economically feasible
project with a positive NPV, an IRR that is greater than the discount rate, and a profitability index

that is above one.

Table 5.12: Economic Metrics for the Alternative Electrolyzers Under the Average Price of
$1160.78/MT

Average
Price = Electrolyzers
$1160.78/MT
PEM AWE AEM SOEC
NPV $841,010,983 $1,037,815,502 $307,800,401 $834,658,458
IRR 18.71% 22.28% 13.45% 25.28%
PBP 4.62 4.01 7.33 2.98
ROI 3.69% 4.43 % 2.11% 3.64 %
Pl 1.93 2.24 1.38 2.11

Under the highest price scenario, the economics improved significantly as shown in Table
5.13. The NPV under the wind energy-PEM Scenario rose further to about $3.06 billion, the IRR
increased to 43.88%, and the payback period was shortened to 2.22 years. The ROl is 9.44%, while
the profitability index is 4.39. Thus, the wind energy-PEM Scenario is an economically viable

project as the NPV is positive, the IRR is greater than the discount rate, and the profitability index
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is above one. This Scenario, which is representative of extreme fertilizer shortages, is

economically viable with the highest ammonia price.

Similar to the case of the wind energy-PEM Scenario, the values for the economic metrics
analyzed improve under the highest price scenario for the wind energy-AWE Scenario. The NPV
increased to about $3.25 billion, and the IRR climbed to 49.14%. Meanwhile, the payback period
is reduced to 2.00 years. The ROI is 10.65%, and the profitability index is 4.90. This Scenario is
an economically feasible project with a positive NPV, an IRR that is greater than the discount rate,
and a profitability index that is above one. Similar to the wind energy-PEM Scenario, wind energy-
AWE Scenario’s results suggest that policies and support are essential not only to incentivize
undertaking such a project but also to make the project feasible.

Under the wind energy-AEM Scenario with the highest price scenario, an improvement in
the financial metrics analyzed can be noticed. The NPV is roughly $2.52 billion, the IRR is
46.38%, and the payback period falls to 1.76. The ROI is 8.53%, while the profitability index is
4.12. This Scenario is an economically viable path with a positive NPV, an IRR greater than the

discount rate, and a profitability index above one.

The combination of the wind energy-SOEC Scenario and the highest ammonia price was
considered. The values for the econometric metrics analyzed significantly rose in comparison to
the base case scenario. The NPV rose to about $3.05 billion, and the IRR increased to 58.32%.
Meanwhile, the payback period is reduced to 1.63 years. The ROI is 10.51%, and the profitability
index is 5.04. This wind energy-SOEC Scenario is an economically feasible project with a positive

NPV, an IRR that is greater than the discount rate, and a profitability index that is above one.
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Table 5.13: Economic Metrics for the Alternative Electrolyzers Under the Highest Price

Price =
Electrolyzers

$1770.42IMT
PEM AWE AEM SOEC
NPV |  $3,055,977,179 $3,252,781,698 $2,522,766,597 | $3,049,624,655
IRR 43.88% 49.14% 46.38% 58.32%
PBP 2.22 2.00 1.76 1.63
ROI 9.44% 10.65 % 8.53% 10.51 %
PI 4.39 4.90 4.12 5.04

Figure 5.1 illustrates the variation in net present value for ammonia production utilizing
each electrolyzer under the four price scenarios: forecasted price series, average price from 2014
to 2021 ($647.81/MT), average price from 2022 to 2024 ($1160.78/MT), and the highest ammonia
price ($1770.42/MT). Across the forecasted price scenario and the average price scenario of
$647.81/MT, all projects have negative NPVs, implying that none of the options are economically
feasible under either price scenario. However, under the average price scenario of $1160.78/MT
and the highest price scenario ($1770.42/MT), all project options are economically viable with

positive NPVs. The ranking of the project options stays consistent in all four price scenarios, with
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wind energy-AWE having the highest NPV, followed by wind energy-PEM and then wind energy-

SOEC. Wind-energy AEM has the lowest NPV.

Figure 5.1: Net Present Value of Projects Across Price Scenarios
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Figure 5.2 illustrates the variation in profitability index for ammonia production utilizing
each electrolyzer under the four price scenarios: forecasted price series, average price from 2014
to 2021 ($647.81/MT), average price from 2022 to 2024 ($1160.78/MT), and the highest ammonia
price ($1770.42/MT). The reference line at Pl = 1.00 is the breakeven threshold, indicating which
projects are economically viable or not economically viable. Across the forecasted price scenario
and the average price scenario of $647.81/MT, all projects have Pls lower than one, implying that
none of the options are economically feasible under both ammonia price scenarios. The ranking of

the project options stays consistent in both price scenarios, with wind energy-AWE having the
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highest PI, followed by wind energy-PEM and then wind energy-SOEC. Wind-energy AEM has
the lowest Pl. However, under the average price scenario of $1160.78/MT and the highest price
scenario ($1770.42/MT), all project options are economically viable with Pls greater than one. The
wind energy-SOEC Scenario takes second place under the average price of $1160.78/MT and first

place under the highest ammonia price scenario.

Figure 5.2: Profitability Index of Projects Across Price Scenarios
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5.2.1. Sensitivity Analysis
Sensitivity analysis enables one to identify the most impactful variables that affect the
techno-economic feasibility of the proposed green ammonia project. For this study, the sensitivity

analyses are completed to determine the effect of fluctuations in ammonia price and technology
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efficiency on NPV. Area charts were constructed to better understand how these parameters affect

the NPV.

5.2.1.1. Effect of Changes in Ammonia Prices on NPV

Figure 5.3 illustrates the relationship between ammonia prices and NPV, capturing how
the NPV of the green ammonia project responds to increases in ammonia prices. The chart
demonstrates the response of NPV as ammonia prices are varied from $100 to $2000, with NPV
starting off negative, which is indicative of an infeasible project. This is the case as costs outweigh
the returns. The NPV improves with the increase in the price of ammonia and eventually rises to
positive values. Under the PEM-based green ammonia project, the breakeven point occurs between
$900 and $1000 per metric ton of ammonia. With a price exceeding $1000, the project becomes
increasingly feasible.

Figure 5.3 further illustrates the relationship between ammonia prices and NPV under the
AWE-based green ammonia project, revealing the response of the NPV to increases in ammonia
prices. As in the case under PEM-based green ammonia, the NPV improves with the increase in
the price of ammonia and eventually rises to positive values. However, the breakeven point occurs
at a lower price than in the case of the PEM, between $800 and $900 per metric ton of ammonia.
With a price exceeding $900, the project becomes increasingly feasible.

Figure 5.3 captures how NPV under the AEM-based green ammonia project responds to
changes in ammonia prices. The NPV improves with the increase in the price of ammonia and
becomes positive between $1000 and $1100 per metric ton of ammonia. With a price exceeding
this threshold, the project becomes profitable. Finally, Figure 5.3 shows the relationship between

ammonia prices and NPV under the SOEC-based green ammonia project. The project is not
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economically viable at the lower end of the specified range as the NPV is negative. However,
similar to the PEM-based green ammonia project, the NPV becomes positive between the $900

and $1000 price range. This indicates that the project becomes profitable above this threshold.

Figure 5.3: Effect of Ammonia Prices on NPV
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5.2.1.2. Effect of Changes in Efficiency Levels on NPV

Figure 5.4’s area chart compares the relationship between technology efficiency levels and
NPV under the four electrolyzer options. The chart captures the effect of electrolyzer efficiency
advancements on the NPV of the green ammonia project. The energy-to-ammonia efficiency level

rises from 15 MWh to 3 MWh per metric ton of ammonia. Exploring the relationship between
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PEM efficiency levels and NPV, the breakeven point occurs between 9 MWh to 8 MWh per metric
ton of ammonia. The NPV at 8 MWh/MT was $100.41 with a payback period of 4.88 years. After
this threshold, the project becomes economically viable.

Figure 5.4 also shows the relationship between AWE efficiency levels and NPV. The
energy-to-ammonia efficiency level rises from 15 MWh to 3 MWh per metric ton of ammonia.
The NPV begins with negative values, and, thus, the project is not economically feasible at those
efficiency levels. The NPV improves with the increase in technology efficiency, until eventually
positive NPV values are obtained. Similar to the PEM, the breakeven point occurs between 9 MWh
to 8 MWh per metric ton of ammonia. However, higher NPVs are observed with AWE technology.
The project becomes economically feasible with efficiency levels above 8 MWh per metric ton of
ammonia, where NPV is $143.79 million. After this threshold, the project becomes economically
viable.

Figure 5.4 further shows the relationship between the AEM technology efficiency levels
and NPV. The energy-to-ammonia efficiency level rises from 15 MWh to 3 MWh per metric ton
of ammonia. The NPV begins with negative values, suggesting that the project is not economically
feasible at such efficiency levels. The NPV gradually improves with the increase in efficiency,
until eventually positive NPV values are observed at 3 MWh per metric ton of ammonia. At 3
MWh per metric ton of ammonia, NPV is $17.27 million.

Finally, Figure 5.4 illustrates the relationship between technological efficiency and NPV.
Specifically, it captures the effect of efficiency advancements in SOEC technology on the NPV of
the green ammonia project. The energy-to-ammonia efficiency level used for this analysis ranges
from 15 MWh to 3 MWh per metric ton of ammonia. The NPV begins with negative values,

suggesting that the project is not economically feasible at such efficiency levels. The NPV

131



gradually improves; however, a positive NPV is only observed around 3 MWh per metric ton of
ammonia, where the NPV is $38.02 million. Figure 5.4 shows that, holding all other things equal,
significant technological advancements must occur in order for the SOEC-based green ammonia

project to be economically feasible.

Figure 5.4: Effect of Electrolyzer Efficiency Levels on NPV
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The economic feasibility of local green ammonia production in Western Kansas revealed
that all projects are not economically feasible under the average price scenario (from 2014 to 2021)
and the forecasted price scenario, but are economically feasible under the average price scenario

(from 2021 to 2024) and the highest ammonia price scenario. These results indicate that prices of
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conventional ammonia must be unusually high for green ammonia to be competitive. The
sensitivity analysis revealed that technology efficiency and the selling price of ammonia influence
the economic viability of green ammonia projects. The results suggest that while a number of
favorable conditions can make green ammonia production economically viable, it is important to
pursue technological advancements of electrolyzers, especially the PEM and AWE, and reduce

their associated costs.
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Chapter 6 - Conclusions, Recommendations, Limitations and

Future Objectives

Ammonia is an essential chemical in multiple industries. In the agricultural sector,
ammonia serves as a fertilizer for crop production. The current ammonia production process is,
however, energy- and emissions-intensive, contributing over 670 million tonnes of fossil CO;
emissions annually (Pfromm, 2017). Thus, there is a need to develop more sustainable processes
for ammonia production. To propose renewable energy-powered ammonia production, this
dissertation explored (i) the structure and dynamics of the global ammonia market, (ii) the price
transmissions between natural gas, ammonia, and agricultural commodity prices in efforts to
necessitate the decoupling of agricultural input costs from volatile natural gas markets, and (iii)
the techno-economic feasibility of the emerging green ammonia technologies. This dissertation
reinforces the position of ammonia at the intersection of the energy and agricultural sectors. Thus,
understanding the ammonia market, the effects of the energy markets on the ammonia market and
food systems, while exploring the feasibility of transitioning to green ammonia production,
provides a foundation for informed decision-making towards decarbonization commitments of the

ammonia industry.

6.1. Conclusions

The global ammonia market is shaped by many complex linkages between energy resource
endowments, geopolitical dependencies, environmental concerns and regulations, as well as
fertilizer markets and other demands. The dissertation found that natural gas serves as the dominant
contributor to the cost of ammonia production, given that over 70% of ammonia relies on natural

gas both for hydrogen production and fueling the production process. Concerns continue to rise
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about the carbon emissions associated with traditional ammonia production, and, hence,
researchers and organizations continue to commit to decarbonization efforts of the industry. Such
efforts include the exploration of green ammonia as a potential remedy for reducing the carbon
emissions intensity associated with the process. Trade patterns reveal that ammonia is concentrated
in regions with abundant and cheap energy sources like natural gas and coal, while the importing
countries face vulnerabilities to input shocks.

The study also analyzed the relationship between the energy market, ammonia market, and
various key agricultural commodities — corn, wheat, sorghum, and soybeans. The econometric
analysis confirmed that there is a statistically significant relationship between natural gas,
ammonia, and agricultural commaodities. The dissertation employed the Vector Error Correction
Model (VECM) to explore both the short-run dynamics and long-run relationships between natural
gas, ammonia, and agricultural commodities. In the long run, a statistically significant positive
effect was established between natural gas and ammonia, as price increases in natural gas led to
increases in the price of ammonia. The study further determined that changes in the fertilizer
markets have implications for grain and oilseed markets in the long run. Specifically, increases in
the price of ammonia resulted in price increases for corn and wheat and price declines for sorghum
and soybeans. These results support the presence of interdependencies between the energy,
fertilizer, and agricultural commodity markets.

The techno-economic feasibility study of the green ammonia production employed
financial metrics, like net present value (NPV), internal rate of return (IRR), return on investment
(ROI), payback period (PP), and profitability index (PI), to determine the economic viability of
the proposed project. The dissertation used Western Kansas as a case study. The study conducted

a comparative study of four green technologies used particularly in the production of hydrogen for
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ammonia synthesis: Proton Exchange Membrane (PEM), Alkaline Water Electrolyzer (AWE),
Anion Exchange Membrane (AEM), and Solid Oxide Electrolyzer Cell (SOEC). The analysis
included four ammonia price scenarios — (1) a forecasted price series to reflect the current market
(2) an average ammonia price of $647.81/MT from 2014 to 2021 (period before price spikes), (3)
an average ammonia price of $1160.78/MT from 2022 to 2024 (period from the initiation of price
spikes), and (4) a historically high price of $1770.42/MT - for each technology, creating 16
scenarios to analyze. All sixteen scenarios assume a consistent plant size (453,807 MT/year),
operational lifespan (25 years), and renewable energy source (wind).

The results of the feasibility study revealed that while the current costs associated with
green ammonia production remain higher than conventional ammonia production, green ammonia
becomes economically viable under specific conditions. With the current technologies, the
economic viability of local green ammonia production can be achieved with low renewable energy
costs and higher electrolyzer efficiency levels. Similar to Morgan (2013), this dissertation found
that wind-powered ammonia production can be cost-competitive compared to traditional ammonia
production under unusually high natural gas, and thus, prices. The study found that under the
forecasted price series and the average ammonia price of $647.81/MT, all technology options were
not economically feasible. However, at the average ammonia price of $1160.78/MT and the
highest ammonia price ($1770.42/MT), the project was economically feasible. The implication of
this study is that increasing ammonia prices and technology efficiency levels result in the

improvement of NPV, IRR, ROI, PP, and PI.

6.2. Recommendations
Agricultural producers and policymakers operate in environments characterized by

uncertainties like volatilities in commodity markets. The results from this dissertation are relevant
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for understanding the price interdependencies between the energy, ammonia, and agricultural
commodity markets. Insights into these linkages can be instrumental for risk management, as
agricultural producers optimize crop production decisions regarding farm inputs. On the other
hand, policymakers can be more strategic about decisions to ensure food security while shielding
fertilizer markets from any shock in the energy markets. Furthermore, an economically feasible
green ammonia plant can serve as a medium through which the input costs of farmers in Western
Kansas can be decoupled from volatile natural gas prices.

Transitioning from traditional ammonia production to green ammonia production is
beneficial from an environmental (decarbonization) standpoint. However, the latter is still more
costly to produce than the former. Thus, it is important for governments to incentivize the transition
through subsidies for green initiatives, implementing carbon penalties, or offering carbon credits.
Also, investment strategies are needed to support the advancement and market entry of the AEM
and SOEC technologies, which have higher efficiency levels as compared to the AWE and the
PEM.

The results suggest that there is a need to improve technology efficiencies and durability
to make green ammonia production more economically feasible. Additionally, research suggests
that the AWE, which was the most economically viable technology, is not compatible with
fluctuating power sources (Kojima et al., 2023). However, renewable energy sources like wind
and solar energy are subject to diurnal and seasonal variations. Consequently, it is important for
researchers to accelerate research and development into improving electrolyzer efficiencies and

durability to scale up production and reduce costs.
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6.3. Study Limitations

While this techno-economic feasibility study provides valuable insights into the
technological considerations and economic viability of the emerging green ammonia industry,
some limitations pertaining to conducting this analysis must be acknowledged. Firstly, the study
is constrained by data availability and quality. Given that green ammonia production is still in its
developing phase, extensive, high-quality, and accessible datasets are limited. Costs and efficiency
data are, therefore, derived from secondary sources like industry reports and previous feasibility
studies, which may exhibit variability in accuracy and dependability.

Secondly, the analysis is highly dependent on assumptions and modeling approximations
regarding renewable energy demands, electrolyzer efficiencies, capital and operational costs, as
well as economic parameters. Despite being grounded in peer-reviewed literature and credible
sources, these assumptions may not completely reflect the full scope of real-world complexities,
especially as it pertains to comparing emerging technology with mature ones (Zimmermann et al.,
2022). These assumptions may, therefore, limit the precision of the findings. Additionally, this
study is subject to uncertainty in external factors such as volatility in the energy markets and policy
frameworks. Factors such as carbon credits, renewable energy requirements and costs, or
technological improvements may substantially modify the study’s conclusions.

In light of these limitations, these results are most appropriately characterized as indicative
as opposed to definitive. This study serves as a framework for assessing the potential of green

ammonia production and not as a definitive projection of project outcomes.

6.4. Future Work
This dissertation focused on wind-powered ammonia production. Future research can

explore alternative green energy sources, such as solar. This was not done in this research because
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of the year-round abundance of wind in the study area. Exploring the sustainability of solar energy
as an alternative energy source would be a useful assessment given the region’s limited solar
energy and the potential cost advantage emanating from the relative development and installation
cost of wind and solar.

Additionally, a necessary next step after assessing the competitiveness of green ammonia
is determining the implications for the local communities that potentially produce green ammonia
(Ofori-Bah & Amanor-Boadu, 2023). Such a project must be place-based, leveraging local
resources and ensuring community engagement (Davis & Dumont, 2021). Exploring the socio-
economic transformations that result from investments in local green ammonia production is
pivotal for determining and incentivizing community engagement (Berka & Creamer, 2018;
Markkanen, Sheikh, & Dickens, 2024). Community acceptance of and participation in such green
projects are influenced by the social, economic, and environmental benefits (Markkanen et al.,
2024; Wu, Carroll, & Denny, 2022).

Community acceptance and ownership of new projects have implications for the successful
implementation, resiliency, and sustainability of the projects (Haggett & Aitken, 2015; Nyaguthii
& Oyugi, 2013). It is important to note that community-driven or backed projects can result in
higher investments, accelerate energy transition (World Economic Forum, 2023), and drive rural
and local prosperity (Davis & Dumont, 2021), especially as the community gets involved in the
decision-making process and/or has ownership in such projects (Haggett & Aitken, 2015).
However, Khwaja (2004) suggests that community participation in projects should be sought with

caution, as it may positively or negatively affect project outcomes.
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