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Executive Summary: Building off a previous internship with a large renewable energy company, this Masters Project analyzes the additional cost for conversion, transportation, and cracking of hydrogen to ammonia. Previous work for the client analyzed three additional hydrogen conversion and transportation pathways. All four pathways are summarized below.
· Hydrogen compression, gaseous trucking, onsite gaseous storage
· Hydrogen compression, pipeline transportation, onsite gaseous storage
· Hydrogen liquefaction, liquid trucking, onsite liquid storage, vaporization
· Hydrogen storage, ammonia generation, liquid ammonia trucking, onsite liquid ammonia storage, ammonia cracking back to hydrogen (analyzed here)
This masters project found that the conversion of hydrogen to ammonia as a transportation pathway is never the cheapest option on a dollar per kilogram H2-mile basis. This is because the pathway requires many chemical and thermodynamic conversions, each with their own efficiency losses: generation of renewable electricity, electrolysis to generate hydrogen, the Haber-Bosch process to produce ammonia, ammonia storage, ammonia transportation, and subsequent cracking of ammonia back to hydrogen. In total the pathway analyzed in this MP has a 24% cycle efficiency.
In addition to analyzing the ammonia conversion pathway, the client requested an analysis of the existing hydrogen and ammonia markets. Much of this Masters Project is devoted to developing a thorough understand of the many use cases, generation technologies, and transportation pathways for these two crucial molecules. Additionally, the client requested an analysis of the major players in the ammonia-based fertilizer market as a basis for a market entry strategy into this space.
Research found that hydrogen can be made from renewable electricity, steam, coal, or almost any other energy source, each with its own level of associated carbon emissions. Hydrogen is used primarily for oil and gas refining, ammonia production, methanol production, steelmaking, transportation, and many other applications. Once made, hydrogen can be transported as a compressed gas in trucks or pipelines, as a liquid in trucks, or converted to ammonia for transportation.
Ammonia is made by combining hydrogen with nitrogen using the Haber-Bosch process. The color (grey, green, blue, etc.) of hydrogen that is used is a large determinant of the carbon intensity of the ammonia produced. Ammonia is used primarily for fertilizer production, and to a lesser extent in the refining of oil and gas and the production of specialty chemicals. Once made, ammonia can be transported in gaseous pipelines, or liquefied and transported on trucks, barges, or ships.
Most major ammonia producers have committed to decarbonizing their operations. This will require the use of green hydrogen to produce green ammonia as a feedstock. It is estimated that 15% of the global ammonia market will be served by green hydrogen by 2030. This represents a large opportunity for renewable energy companies such as my client. Ammonia manufacturing is also a highly concentrated market, with seven US manufacturers representing 70% of the total production capacity. 
Strategic analysis of the existing markets found that the two key market advantages for renewable energy companies are location and market growth. Renewable electricity is cheap in the areas where ammonia is currently made. This removes conversion and transportation costs from the Levelized Cost of Hydrogen calculation and allows green hydrogen to be more competitive, although still not at parity with grey hydrogen. Additionally, although currently nascent, the market for green ammonia is expected to reach $500 million by 2025 and $1.5 billion by 2050. As the market grows, renewable energy companies will have ample opportunities to sell electricity to ammonia producers.
The two main market entry challenges identified in this analysis are competition from industrial gases manufacturers and the lack of national regulatory support in the form of carbon pricing. Industrial gases manufacturers currently own the customer relationships with ammonia producers and are expected to be very protective and cost competitive. Most the industrial gases companies have short term decarbonization plans that involve the implementation of blue hydrogen, and longer-term plans involving green hydrogen. Additionally, none of the states with high volumes of ammonia production currently have a carbon tax. This results in green hydrogen and ammonia being more expensive than the currently used grey hydrogen and ammonia.
The client should begin their ammonia entry by developing small scale hydrogen off-taker agreements with large ammonia manufactures who are interested in green hydrogen. By bringing hydrogen production expertise in-house the client for this MP will be able to reduce the price gap between green and grey hydrogen and become a market leader in this emerging and quickly grown space.

1. Introduction: Building off a summer internship with this client, this masters project had one main objective to begin with. Over the summer, as a green hydrogen strategy intern, I was responsible for developing a cost model to analyze three different pathways for moving green hydrogen from the clients electrolyzers to the off-takers. These pathways were: 1) Compression of the hydrogen, transportation of the hydrogen in gaseous trucks, and onsite storage of gaseous hydrogen at the off-taker; 2) Compression of the hydrogen, transportation of the hydrogen in underground pipelines to the off-taker, and onsite storage of gaseous hydrogen at the off-taker; and 3) Liquefaction of the hydrogen, transportation of the hydrogen in liquid trucks, onsite storage of the liquid hydrogen at the off-taker, and evaporation of the liquid hydrogen back to gaseous form for customer use. Findings from this summer analysis are summarized below in Figure 1.
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Figure 1. Summary of Summer Analysis.
Summarized in Figure 1 are the additional costs associated with hydrogen delivery in dollars per kilogram of hydrogen for each of the analyzed pathways. However, these values do not include generation costs of the hydrogen being delivered, only conversion and transportation costs. Due to policies from the client that I am working with, I am unable to show actual values that my analysis from last summer generated. Instead, for the purposes of this analysis, I have replaced some proprietary model inputs with publicly available information. However, the values shown in Figure 1 above are indicative of the trends I found. 
As expected, the optimal transportation pathway varied based on the distance between hydrogen production and transportation and on the volume of hydrogen being delivered. In general, Pathway 1, gaseous trucking, was the cheapest pathway for low volumes and short distances; Pathway 2, gaseous pipelines, were the cheapest option for high volumes and short distances; and Pathway 3, liquid trucking, was the cheapest option for high volumes and long distances.
1.1. Objective 1: The initial objective of this project was to build a cost model for a fourth transportation pathway and integrate it into the larger model. The pathway to be analyzed converted green hydrogen to ammonia, transported the ammonia in trucks, and cracked the ammonia back to hydrogen at the end-user. Then, my task was to integrate this pathway into the existing transportation pathways to find combinations of transportation distance and volumes at which ammonia pathway might be the cheapest option.
1.2. Objective 2: Later, another objective was added to the master’s project. The second portion is a market analysis of opportunities to sell green hydrogen to ammonia manufacturers for their decarbonization use. Additionally, I was asked to develop a list of target ammonia customers for targeted outreach.
2. [bookmark: _Ref100912634]Materials and Methods: Before analysis of the hydrogen to ammonia transportation pathway can begin, a thorough understanding of the existing hydrogen production technologies and end-use markets are critical. Hydrogen is the most abundant element in the universe and green hydrogen is widely hailed as a carbon-free alternative fuel of the future. Hydrogen is a $100+ Billion market today and is expected to grow to $2.5 trillion by 2050[endnoteRef:1]. Hydrogen is an energy carrier and can be made from conversion of natural gas, electrolysis using renewable electricity, coal, or biomass[endnoteRef:2]. Figure 2 below shows an overview graphic of the hydrogen value chain. [1:  “Hydrogen Insights - Hydrogen Council.” Hydrogen Council, Hydrogen Council, Feb. 2021, https://hydrogencouncil.com/wp-content/uploads/2021/02/Hydrogen-Insights-2021-Report.pdf. ]  [2:  “Hydrogen Basics.” Fuel Cell & Hydrogen Energy Association, Fuel Cell & Hydrogen Energy Association, https://www.fchea.org/hydrogen. ] 
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Figure 2. The Hydrogen Value Chain[endnoteRef:3] [3:  Willuhn, Marian. “Green Hydrogen to Reach Price Parity with Grey Hydrogen in 2030.” Pv Magazine International, 16 July 2020, https://www.pv-magazine.com/2020/07/16/green-hydrogen-to-reach-price-parity-with-grey-hydrogen-in-2030/. ] 

The following sections will describe how hydrogen is made, how it is moved from one place to another, how it is stored, and how it is consumed by end users.
2.1.1. How Hydrogen Is Made: Hydrogen can be made from almost any energy source using a wide range of production technologies. The most common production methods are described in detail below. Each production technology makes a different ‘color’ of hydrogen. These are mere categorizations, as all hydrogen is odorless and colorless. Figure 3 below shows typical ranges of Levelized Cost of Hydrogen (LCOH) in dollars per kg of hydrogen associated with each color. Incumbent grey hydrogen is the cheapest and most carbon intensive option. Blue hydrogen is slightly more expensive due to the addition of CCS. Finally, green hydrogen is currently the most expensive option due to the nascent nature of the technology. Costs for green hydrogen are expected to fall dramatically over the coming decades.
[image: ]
Figure 3. Levelized Cost of Hydrogen for different production technologiesiv
	A detailed description of each hydrogen production technology pathway follows.
2.1.1.1. Grey Hydrogen: Hydrogen made using a fossil fuel feedstock is categorized as grey hydrogen. Typically, this feedstock is either natural gas or coal. Natural gas is converted to hydrogen through a process called Steam Methane Reforming. Coal is converted to hydrogen through a process called gasification.
Steam methane reforming converts methane to syngas, a mixture of hydrogen and carbon monoxide. This syngas then passes through a water-gas shift reactor to produce more hydrogen and carbon dioxide. These reactions are summarized below.


[bookmark: _Ref100578660]In the first reaction, Methane and steam are mixed together at high temperatures, between 700 – 1000 ᵒC, and passed over a catalyst at pressures of 3-25 bar. After the water-gas shift reaction, hydrogen is separated from carbon dioxide, usually with the use of pressure swing adsorption. The carbon intensity of this process produces, on average, 11.3 kg CO2e / kg H2 produced, however exact emissions vary based on engineering parameters of the specific process being analyzed[endnoteRef:4]. Currently, 95% of the hydrogen produced in the United States is grey hydrogen made in this way[endnoteRef:5]. [4:  Casperson, Michael. “The Hydrogen Trajectory.” KPMG, https://home.kpmg/xx/en/home/insights/2020/11/the-hydrogen-trajectory.html. ]  [5:  “Hydrogen Production: Natural Gas Reforming.” Energy.gov, Department of Energy, https://www.energy.gov/eere/fuelcells/hydrogen-production-natural-gas-reforming. ] 

Grey hydrogen can also be made through the gasification of coal. In this three step process, coal is fist gasified with oxygen to produce carbon dioxide. More coal is then burned with the carbon dioxide to produce carbon monoxide. Finally, the carbon monoxide passes through ha water-gas shift reaction to produce hydrogen and carbon dioxide. These reactions are summarized below.



In 2018, 23% of global hydrogen production was made using this technology. However, coal gasification accounts for a much smaller fraction of US hydrogen production. Coal gasification is the most carbon intensive and cheapest method of producing hydrogen. On average, coal gasification produces 13 kg CO2e / kg H2 produced[endnoteRef:6]. [6:  Allen, Jessica. “Explainer: How Do We Make Hydrogen from Coal, and Is It Really a Clean Fuel?” The Conversation, 28 Mar. 2022, https://theconversation.com/explainer-how-do-we-make-hydrogen-from-coal-and-is-it-really-a-clean-fuel-94911. ] 

A qualitative comparison of the production costs for grey hydrogen made from steam methane reforming and coal gasification yields interesting results. Steam methane reformers have lower capital costs and higher operating costs than a comparable coal gasification facility. Both types of facilities face a wide range of potential financial uncertainty based on the fluctuating costs of coal and natural gas, their respective feedstocks. This explains why steam methane reforming is the dominant technology in the United States, where natural gas has a robust distribution network, and coal gasification is more popular in other parts of the world.
2.1.1.2. Blue Hydrogen: Blue hydrogen is produced using the same methods as grey hydrogen described above, steam methane reforming and coal gasification. However, carbon capture and sequestration must be added to these processes for hydrogen to be categorized as blue hydrogen. Although CCS is an imperfect process, it is able to reduce the carbon intensity of the hydrogen produced from grey hydrogens level of 11.3 – 13 kg CO2e / kg H2 to, on average, 3.0 kg CO2e / kg H2. Figure 4 below shows a simplified process flow diagram of the blue hydrogen lifecycle.
[image: Colors of Hydrogen 2]
Figure 4. Blue Hydrogen Process[endnoteRef:7] [7:  Snoswell, David. “Hydrogen on the Horizon.” Software, Schlumberger, https://www.software.slb.com/blog/everything-about-hydrogen. ] 

As current hydrogen producers face public and investor pressure to decarbonize their operations, we should expect that much of the grey hydrogen production in the US will be retrofitted with CCS to reduce carbon intensity of the hydrogen they are producing. Although this is a step in the right direction, in a true net-zero emissions scenario, blue hydrogen, by definition, cannot meet total decarbonization needs.
2.1.1.3. Green Hydrogen: Current green hydrogen production is expensive, costing 3-4 times as much as grey hydrogen which is sold for ~$1 per kg. In 2021, the US Department of Energy announced the Hydrogen Energy Earthshot initiative, which “seeks to reduce the cost of clean hydrogen by 80% to $1 per 1 kilogram in 1 decade”. This reduction in cost would bring green hydrogen to cost parity with grey hydrogen and represents a potential 16% reduction in economy-wide emissions by 2050[endnoteRef:8].  [8:  “Hydrogen Shot.” Energy.gov, Department of Energy, https://www.energy.gov/eere/fuelcells/hydrogen-shot. ] 

Hydrogen made using renewable electricity is categorized as green hydrogen. Renewable electricity is used to power an electrolyzer which splits water molecules into oxygen and hydrogen. Industrial-scale electrolyzers most commonly employ one of two technologies: 1) Polymer electrolyte membrane electrolysis and 2) Alkaline electrolysis. Currently, hydrogen made via electrolysis account for less than 5% of the hydrogen produced globally.
In a PEM electrolyzer, water at the anode splits to form oxygen and positively charged hydrogen ions. The anode reaction is:

The hydrogen ions then move across the membrane to the negatively charged cathode. The cathode reaction is:

PEM Electrolysis also have the benefit of being able to react to high ramp rates and variations that are inherent to renewable electricity by increasing or decreasing hydrogen output. A graphic representation of the PEM electrolysis process follows in Figure 5.
[image: Schematic of a polymer electrolyte membrane electrolyzer]
Figure 5. PEM Electrolysis
Alkaline water electrolysis is another method of splitting water into hydrogen and oxygen. At the cathode, water receives additional electrons and splits into hydrogen and hydroxide ions. The cathode reaction is:

At the anode, the hydroxide ions are oxidized to oxygen and water, releasing additional electrons. The anode reaction is[endnoteRef:9]: [9:  Brauns, Jörn, and Thomas Turek. “Alkaline Water Electrolysis Powered by Renewable Energy: A Review.” MDPI, Multidisciplinary Digital Publishing Institute, 21 Feb. 2020, https://www.mdpi.com/2227-9717/8/2/248/htm. ] 


Alkaline electrolyzers are a mature technology with relatively low costs. However, they do not run efficiently with partial electrical loads and thus must receive stable power. These electrolyzers are ideal for centralized hydrogen production with utilization rates[endnoteRef:10].  [10:  Ivan, Zulim. “Advantages and Disadvantages of Alkaline and PEM Electrolyzers.” Research Gate, June 2014, https://www.researchgate.net/figure/Advantages-and-disadvantages-of-alkaline-and-PEM-electrolysis_tbl1_263470190. ] 

2.1.2. How Hydrogen Is Transported: After hydrogen is made using any of the technologies described above, the conversion and transportation technologies used to transport hydrogen from one place to another are the same for all colors of hydrogen. Industrial gases companies, such as Air Liquide and Air Products, have been transporting liquid and compressed gaseous hydrogen for more than 100 years[endnoteRef:11]. Although new to the renewable energy industry, the technologies and methods used to move and transport hydrogen of all colors are well established. [11:  “Air Liquide in Brief.” Air Liquide, 2015, https://www.airliquide.com/group/air-liquide-brief. ] 

2.1.2.1. Compressed Gas Trailers: Hydrogen tube trailers carry compressed gaseous hydrogen at pressures of 180 bar and higher. The US Department of Transportation currently limits the operating pressures of the typical steel tube trailers to a maximum of 250 bar, which also limits the mass of hydrogen that can be delivered in a single load to around 400 kg of hydrogen. Given the unloading method for these trailers, it is impossible to remove all the hydrogen from them and the volume that can be delivered to end-users is even less than this. However, exemptions for composite tube trailers, made using a combination of fiberglass and stainless steel, have been approved for pressures up to 500 bar and larger loads, up to 900 kg are becoming more common[endnoteRef:12]. [12:  “Hydrogen Tube Trailers.” Energy.gov, Department of Energy, https://www.energy.gov/eere/fuelcells/hydrogen-tube-trailers. ] 

2.1.2.2. Gas Pipelines: There are approximately 1600 miles of hydrogen pipelines owned by industrial gases companies in the United States. These pipelines connect large sources of hydrogen production to large hydrogen consumers in the petrochemical industry[endnoteRef:13]. These pipelines are highly capital intensive and are typically installed when customers purchase hundreds of tons of hydrogen per day over decades long contracts. Key challenges for hydrogen pipelines are high installed capital cost, pipeline maintenance challenges, and booster compressor station reliability. It may eventually be possible to convert some of the more than 300,000 miles of natural gas pipelines in the US to serve the emerging hydrogen economy.xiv. Booster compressors, compression pressures [13:  “Hydrogen Pipelines.” Energy.gov, Department of Energy, https://www.energy.gov/eere/fuelcells/hydrogen-pipelines.
] 

2.1.2.3. Liquid Trailers: Liquid hydrogen delivery is an extremely energy intensive process. Using liquid nitrogen, the hydrogen must first be cooled to below -253 OC. Liquefaction of hydrogen consumes 35% of the energy contained in the hydrogen. There are currently 8 hydrogen liquefaction facilities in North America, varying in capacity from 5,000 – 70,000 kg of hydrogen per day. 
After liquefaction, cryogenic liquid trucks are used to deliver large volumes of hydrogen to end-users who cannot be economically served by hydrogen pipelines. Liquid hydrogen trailers have a nameplate capacity of 5,000 kg of hydrogen. These trailers are made of stainless steel and have two layers of tanks separated either by perlite or insulated by vacuum. Typically, once delivered to end-users, the liquid hydrogen must be vaporized in a heat exchanger to be used. Each of these phase changes requires significant amounts of energy which represent large efficiency losses. This pathway is thus only viable for long distance transportation when gaseous hydrogen trucking and gaseous pipelines are too expensivexiv. This pathway is summarized in Figure 6 below.
[image: ]
Figure 6. Example of Liquid Delivery Pathwayxiv
2.1.3. How Hydrogen is Stored: Hydrogen as a method of long duration energy storage. Optimal method varies based on duration and volume of hydrogen needing to be stored.
2.1.3.1. Geologic Storage: Underground caverns are widely used to store natural gas; however, the same concept can be applied to large volumes of hydrogen storage for seasonal load shifting and surge capacity. Currently, there are 4 salt dome cavers being used to store gaseous hydrogen in the United States, all in Texas. These salt domes are made by injecting water into an underground layer of salt and dissolving the salt until a voided area is formed. A 2007 study found that salt cavern storage added $1.61 per kilogram of H2 to the final cost at the end user. Other types of geologic storage for hydrogen are less common, but can be used under the right circumstances. The costs for salt caverns and other forms of geologic storage are summarized below in Figure 7.
[image: ]
[bookmark: _Ref100512588]Figure 7. Cost Comparison of Geologic Storage Methods[endnoteRef:14] [14:  Anna S. Lord, Peter H. Kobos, David J. Borns, Geologic storage of hydrogen: Scaling up to meet city transportation demands, International Journal of Hydrogen Energy, https://www.sciencedirect.com/science/article/abs/pii/S0360319914021223.] 

Geologic storage sites typically operate at pressures between 80-160 bar. This technology faces challenges from development costs, contamination concerns, leakage, and the impacts of pressure cycling on the durability of storage. Despite these challenges, geologic storage remines the optimal method for storing large volumes of hydrogen for long-duration storage and seasonal shiftingxii. 
2.1.3.2. [bookmark: _Ref100571648]Cryogenic Liquid Tanks: To be stored in liquid form, hydrogen must be kept at extremely cold temperatures, -253 OC at typical pressures <5 bar. This hydrogen is typically stored in spherical or cylindrical tanks designed to minimize the surface area-to-volume ratio. Evaporative losses due to hydrogen boil-off can add significant operating cost to cryogenic liquid tanks and depend heavily on the surface area-to-volume ratio. In general, small tanks have high rates of boil off, up to 0.5% per day, and large tanks have less, as low as 0.03% per day. All cryogenic hydrogen storage tanks have an inner and outer steel layer separated by an annular space filled with perlite or is a vacuum to minimize heat ingress[endnoteRef:15]. [15:  “Hydrogen Delivery Roadmap - Energy.” Energy.gov, Department of Energy, July 2017, https://www.energy.gov/sites/prod/files/2017/08/f36/hdtt_roadmap_July2017.pdf. ] 

2.1.3.3. Gaseous Storage Tanks: Stationary bulk storage containers are the most common storage technology for the widely distributed hydrogen networks required in the transportation sector. Pressures in these tanks can vary widely from 130 – 860 bar based on the material composition of the storage vessel. Low storage volumes make this technology expensive for industrial customersxiii.
2.1.4. How Hydrogen Is Used: 10 million metric tons of hydrogen are currently used in a wide range of industrial applications across the US each year[endnoteRef:16]. This hydrogen is produced using a variety of feedstocks ranging from natural gas to coal to renewable electricity. Of this hydrogen, 33% is used in petroleum refining, 11 % is used in the production of methanol, 27% is used to produce ammonia, and the remaining 29% is used to produce steel, specialty chemicals and for transportationiv. [16:  “Hydrogen Production.” Energy.gov, Department of Energy, https://www.energy.gov/eere/fuelcells/hydrogen-production#:~:text=With%20approximately%2010%20million%20metric,petroleum%20refining%20and%20ammonia%20production] 

2.1.4.1. Refining: Oil and gas refineries use 33% of the hydrogen produced each year to remove sulfur from their products via hydrosulphurisation. Removal of sulfur increases the quality of the diesel and subsequent petrol products that these facilities produce. Any hydrocarbon containing sulfur can undergo a hydrodesulphurization reaction. As an example, this reaction can be summarized as:

A typical industrial scale unit operates at temperatures of 300 – 400 OC and pressures between 30 - 130 atmospheres. After the hydrogen sulfide gas is separated, it undergoes additional reactions and is converted to elemental sulfur[endnoteRef:17]. In 2021, the oil and gas refining industry purchased approximately 10,000 tons of hydrogen per day for desulphurization purposes[endnoteRef:18]. This load is predominantly served by industrial gases companies making grey hydrogen from natural gas reforming, but renewable energy companies are increasingly seeking to compete in this space. [17:  “Hydrodesulfurization.” Engage.aiche.org, American Institute of Chemical Engineering, https://engage.aiche.org/HigherLogic/System/DownloadDocumentFile.ashx?DocumentFileKey=f7300421-4165-4bac-9d5f-ef60751139ac. ]  [18:  “U. S. Refinery and Blender Net Input of Hydrogen.” U.S. Refinery and Blender Net Input of Hydrogen (Thousand Barrels), Energy Information Administration, https://www.eia.gov/dnav/pet/hist/LeafHandler.ashx?n=PET&s=M_EPOOOH_YIR_NUS_MBBL&f=M. ] 

2.1.4.2. Methanol: Production of methanol consumes 11% of the hydrogen that is produced each year. To produce methanol, a mixture of carbon monoxide and hydrogen called syngas is introduced into a reactor. The reaction for the production of methanol is:

[bookmark: _Ref100592514]The reaction takes place at high temperatures, 400 – 600 OF and pressures of 600 – 1700 psig[endnoteRef:19]. Currently methanol is mostly used to make alternative fuels and olefins[endnoteRef:20]. However, there is ongoing research exploring the potential to convert green hydrogen to methanol as a more durable and easier to transport form of energy storage. The conventional pathway for methanol production is summarize below in Figure 8.  [19:  “Syngas Conversion to Methanol.” Netl.doe.gov, Department of Energy, https://netl.doe.gov/research/coal/energy-systems/gasification/gasifipedia/methanol. ]  [20:  Dolan, Greg. “Methanol Production.” Methanol.org, Methanol Institute, https://www.methanol.org/wp-content/uploads/2016/06/MI-Combined-Slide-Deck-MDC-slides-Revised.pdf. ] 
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Figure 8. Conventional Methanol Productionxx
2.1.4.3. Transportation: Despite making up 5% of vehicles, heavy-duty vehicles generate more than 20% of the total emissions from the transportation sector. Hydrogen fuel cells are aiming to reduce and eventually eliminate the negative climate impacts of heavy-duty vehicles. While battery electric vehicles (BEVs) have secured a market leader position for light duty passenger vehicles, no clear decarbonization pathway for heavy duty trucking has yet emerged. 
Hydrogen fuel cells work in exactly the opposite way as electrolyzers. In a fuel cell, hydrogen and oxygen combine to produce water and electricity. Hydrogen fuel cell vehicles (HFCVs) are currently more expensive that an average electric vehicle, but costs are expected to decrease in the coming decades. Additionally, HFCVs have better range and faster refueling times compared to electric vehicles. This improvement makes driving and operating a HFCV feel more similar to a traditional internal combustion engine vehicle. A qualitative summary of hydrogen fuel cell vehicles as they compare to internal combustion engine vehicles and battery electric vehicles follows in Figure 9.
[image: GasNet O Site do Gás Natural e GNV - FUEL CELLS: From promise to performance]
Figure 9. Fuel Diversity and Uses[endnoteRef:21] [21:  Rulseh, Ted. “FUEL CELLS: From Promise to Performance.” Gasnet.com, July 2004, https://www.gasnet.com.br/conteudo/2588/FUEL-CELLS-From-promise-to-performance. ] 

One kilogram of hydrogen contains approximately the same amount of energy as one gallon of gasoline. However, due to the higher efficiency of hydrogen fuel cell vehicles, that same energy results in, on average, 60 miles of distance traveled for a hydrogen fuel cell vehicle compared to just 25 miles traveled for a traditional internal combustion engine vehicle. Currently, the cost of hydrogen for transportation is approximately $13 per kilogram. This is expected to decrease as electrolyzer technology and utilization, hydrogen supply chains, and renewable generation improve[endnoteRef:22]. [22:  “Hydrogen's Role in Transportation.” Energy.gov, Department of Energy, https://www.energy.gov/eere/vehicles/articles/hydrogens-role-transportation#:~:text=Hydrogen%20can%20store%20and%20deliver,buses%2C%20planes%2C%20and%20ships. ] 

2.1.4.4. Ammonia: 27% of the hydrogen produced each year is used as a feedstock for the production of ammonia. Despite being one of the largest segments of hydrogen consumption, the client for this project had little to no knowledge of the ammonia production process and market dynamics. Seeking to develop a wholistic hydrogen strategy, I was asked to perform an analysis of the major players and decarbonization opportunities in the ammonia space. The detailed findings of this analysis follow in Section 4 below. Similar to hydrogen, ammonia is color coded based on the carbon intensity of the feedstocks used to produce it.
3. Results or Observations: After analyzing the ammonia value chain this Masters Project concludes that conversion of hydrogen to ammonia for transportation is never the cheapest option on a dollar per kilogram-mile basis. This pathway involves many chemical and thermodynamic conversions, each with their own efficiency losses: generation of renewable electricity, electrolysis to generate hydrogen, the Haber-Bosch process, ammonia storage, ammonia transportation, and subsequent cracking of ammonia back to hydrogen.
[image: ]
Figure 10. Hydrogen to Ammonia Pathway Efficiency[endnoteRef:23] [23:  Dias, Véronique, et al. “Energy and Economic Costs of Chemical Storage.” Frontiers, Frontiers, 29 May 2020, https://www.frontiersin.org/articles/10.3389/fmech.2020.00021/full. ] 

As show in Figure 10 above, because of the energy conversions required for this pathway, only 24% of the renewable electricity that is generated ends up reaching the end-user. A ton of hydrogen contains 33 MWh of energy[endnoteRef:24]. However, because of the efficiency losses of the hydrogen to ammonia pathway, more than 130 MWh of renewable electricity would need to be used in electrolysis to produce this same ton of hydrogen. Because of this quadrupling of required renewable generation and the consummate upscaling of each step of the pathway (ie. needing a larger electrolyzer), independent of transportation distance and production volume ammonia for the use of hydrogen transportation is never the cheapest pathway.  [24:  Goodall, Chris. “Some Rules of Thumb of the Hydrogen Economy.” Carbon Commentary, Carbon Commentary, 11 June 2021, https://www.carboncommentary.com/blog/2021/6/11/some-rules-of-thumb-of-the-hydrogen-economy. ] 

Despite this undesirable and unexpected conclusion to Objective 1, conversion of hydrogen to ammonia still offers interesting market opportunities for renewable energy companies to disrupt the existing grey ammonia industry. Further details on this conclusion follow below. Additionally, further research on the ammonia production process, transportation pathways, storage methods, and end use cases will be explored to better understand these opportunities and complete the expectations of Objective 2.
3.1. Ammonia Basics: Ammonia production is responsible for approximately 2% of the annual global greenhouse gas emissions. Each year, more that 180 million tons of ammonia are produced around the world, each requiring 12 MWh of power to produce. In 2020, the global market for ammonia exceeded $64 billion and is projected to continue growing as agricultural demands increase. With such immense scale of use and environmental impact, ammonia production technologies will need to rapidly decarbonize in order to meet net-zero goals.
3.1.1. How Ammonia Is Made: Currently, 90% of the ammonia that is made on industrial scales uses the Haber-Bosch Process. For the purposes of this masters project, other ammonia production methods will not be considered or analyzed. The Haber-Bosch process combines gaseous nitrogen and hydrogen to produce ammonia. The Haber Bosch process is extremely feedstock intensive, where 30 - 40% of the energy required to produce the ammonia is contained within the hydrogen and nitrogen feedstocks. Thus, decarbonizing these feedstock streams by converting grey hydrogen to blue or green hydrogen, implementing CCS or electrolysis, is critical to decarbonizing the entire ammonia value chain. The simplified Haber-Bosch reaction is:

The exothermic reaction shown above has slow kinetics at standard pressures and temperatures, so an iron potassium catalyst and an aluminum oxide promoter are required to achieve the high yields that are desired. The above reaction typically takes place at temperatures of approximately 450 OC and pressures of 250 atmospheres. Higher pressures result in better yield, but there are technical challenges associated with exceeding pressures of 250 atmospheres[endnoteRef:25]. A process flow diagram of a typical ammonia production facility is shown in Figure 11 below.  [25:  “Haber Process.” Oxford Reference, https://www.oxfordreference.com/view/10.1093/oi/authority.20110803095914358. ] 
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[bookmark: _Ref100740129]Figure 11. Simplified Process Flow Diagram of Haber-Bosch process[endnoteRef:26] [26:  “Introduction to Ammonia Production.” AIChE, American Institute of Chemical Engineers, 1 Feb. 2019, https://www.aiche.org/resources/publications/cep/2016/september/introduction-ammonia-production. ] 


In this process outlined above, hydrogen and nitrogen are fist compressed before entering the ammonia synthesis loop. The mixture is then heated to temperatures between 380 – 520 OC. With each pass through the reactor, only a small portion of this gas mixture is converted to ammonia. The resulting mixture of ammonia and unreacted feed gases are then cooled to -10 to -25 OC to condense the ammonia out of the mixture. The wide temperature swings required to operate this process mean large amounts of heating and cooling energy are also required.
3.1.2. How Ammonia Is Moved: Ammonia is mostly produced in the petrochemical industrial centers of the country, namely Texas, Louisiana, and Oklahoma, but is predominantly consumed in agricultural areas of the Midwest for fertilizer production. Thus, ammonia must be transported between these two areas to be used. In order of decreasing scale, ammonia is transported around the world by four dominant pathways: Pipelines, ships and barges, railways, and trucks. These will each be discussed in more detail below. In actuality, a single molecule of ammonia will likely move through multiple of these pathways before arriving at its end user. As outlined in Figure 12 below, different transportation pathways for ammonia are optimal for different distances of delivery.
[image: ]
Figure 12. Average distance per ammonia shipment, 2017xxv
3.1.2.1. Pipelines: In general, pipelines are a safe, cost-effective, and efficient way to transport large volumes of industrial products. There are two major ammonia pipeline routes in the United States, both built nearly 60 years ago. In total, there are almost 5000 km of ammonia pipelines around the US connecting major industrial hubs in the south to agricultural areas in the mid-west. These 4 - 10 inch pipelines, owned by NuStar and Magellen, operate at pressures of 10.0 MPa and temperatures of 283 K. The NuStar pipeline transports more than 1.5 million tons of ammonia each year[endnoteRef:27]. Construction of new pipelines and operation of existing pipelines are regulated by the department of transportation. Existing ammonia pipelines, currently transporting grey ammonia, do not need any changes or upgrades to be shifted to green or blue ammonia. A map of the existing pipeline routes can be found in Figure 13 below. [27:  “Pipeline Transportation of Ammonia.” Ammoniaenergy.org, NuStar, 9 Nov. 2021, https://www.ammoniaenergy.org/wp-content/uploads/2021/11/AEA-Ammonia-Pipeline-Transportation-MEA-11-4-2021.pdf. ] 
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Figure 13. Ammonia pipeline infrastructure in the USxxv
3.1.2.2. Ships and Barges: Ammonia ships are equipped with semi-refrigerated tanks and store ammonia at temperatures between 220- 240 K. Large ships for maritime shipping have ammonia storage volumes up to 60,000 m3. Smaller barges for use in shallow inland waterways have smaller capacities, 500 – 3,000 tons. Variables that impact the cost of ship and barge shipping are distance between ports, ship availability, volume to be delivered, fuel cost, crew pay, and portage costs. 
In addition to using maritime shipping to move ammonia from one port to another, there is discussion in the International Maritime Organization (IMO) towards using ammonia as a low-carbon maritime shipping fuel. IMO has set an aggressive decarbonization goal, to reduce GHG emissions by 50% by 2050 from a 2008 baseline. Ammonia is being explored as an alternative to highly emitting bunker fuel that is currently being used. 
3.1.2.3. Railways: In the United States, rail transportation is predominately powered by either diesel fuel or coal. As a result, this transportation pathway generates nearly 1% of the US economy-wide annual emissions[endnoteRef:28]. Current railway refrigerated cars can hold 50-110 m3 of ammonia, or 65-72 tons on a mass basisxxvii. [28:  “Freight Rail & Preserving the Environment.” AAR.org, Association of American Railroads, June 2020, https://www.aar.org/wp-content/uploads/2020/06/AAR-Sustainability-Fact-Sheet.pdf. ] 

3.1.2.4. Trucks: Worldwide, trucks are used to haul ammonia cargo tanks. This transportation pathway has the highest cost on a dollar per kilogram of ammonia basis but is optimal for ammonia transportation for distances up to 150 km. The ammonia tanks typically have volume capacities between 9 – 43 m3 and can move up to 27 tons of pressurized liquid ammonia in each tripxxvii. Transportation costs for this pathway are tied to driver time and liquid line transfer times.
3.1.3. How Ammonia Is Stored: Due to reliability concerns at sites of ammonia generation, and to ensure a robust supply chain, typical ammonia production facilities have 15-20 days of storage capacity in case of supply or distribution challenges. Industrial-scale storage is typically done in one of three ways: Pressurized Storage, Low-temperature storage, or Semirefrigerated Storage. Pressurized storage of ammonia involves spherical or cylindrical vessels at normal temperatures. These vessels are typically pressurized to 1.6 – 1.8 MPa and can store up to 2000 tons of ammonia. Low-temperature storage of ammonia involves vertically oriented cylindrical storage vessels. These tanks are kept at temperatures of 240 K with the aid of two-stage refrigeration compressors and can have a maximum storage capacity of 50,000 tons of ammonia. Semirefridgerated storage of ammonia involves a double walled steel tankxxxii. Refrigerated ammonia is kept in these tanks at 1 atmosphere and -33 OC. A typical storage tank with 30,000-ton capacity has a capital cost of approximately $15 million[endnoteRef:29]. [29:  Leighty, William. “ALTERNATIVES TO ELECTRICITY FOR TRANSMISSION AND LOWCOST FIRMING STORAGE OF LARGE-SCALE STRANDED RENEWABLE ENERGY AS PIPELINED HYDROGEN AND AMMONIA CARBON-FREE FUELS .” Www.igu.org, https://www.igu.org/wp-content/uploads/2020/12/P1-40_William-Leighty.pdf. ] 

3.1.4. How Ammonia Is Used: As shown in Figure 14 below, global demand for ammonia has increased steadily for the last 70 years. As a key feedstock with applications in almost every industry, ammonia will continue to be necessary moving forward. However, the global economy must at the same time reduce emissions to avoid the worst of climate change. As a result, global decarbonization goals must also apply to ammonia production and use. A more thorough understanding of the disparate use-cases for ammonia is required to understand the potential decarbonization pathways. An analysis follows.
[image: images]
Figure 14. Global Ammonia Productionxxiii
3.1.4.1. Agriculture: Globally, 80% of the 180 million tons of ammonia made each year go towards making fertilizersi. Around half of global food production relies on ammonia via the addition of mineral fertilizers. As the world population grows and quality of life increases, ammonia-based fertilizers will be more important than ever to ensure that everyone has access to the food they need. Ammonia can be directly applied in agricultural settings or converted to other fertilizers such as urea. In direct applications, liquid ammonia is introduced 10 – 20 centimeters below the surface and reacts with water in the soil to produce ammonium ions (NH4+)[endnoteRef:30]. [30:  “Ammonia Fact Sheet.” The International Plant Nutrition Institute, The Fertilizer Institute, https://www.tfi.org/sites/default/files/documents/ammoniafactsheet.pdf. 
] 

3.1.4.2. Oil and Gas: At smaller scales, ammonia in used in the oil and gas industry to neutralize the acidic components that are often found in crude oil[endnoteRef:31]. This pathway will not be explored further as there is limited market willingness to pay for green ammonia in this segment. [31:  News, Petro Industry. “What Is Ammonia?” Petro Online, 27 June 2021, https://www.petro-online.com/news/measurement-and-testing/14/breaking-news/what-is-ammonia/55629. ] 

3.1.5. [bookmark: _Ref100828076][bookmark: _Ref100828657][bookmark: _Ref101512324]Current Ammonia Markets: US is currently the biggest importer of ammonia in the world, importing more than 4 million tons per year for agricultural use. This costs $1.1 billion each year.[endnoteRef:32]. As global energy markets become more tumultuous, US energy independence wis expected to re-enter consideration. Ammonia is primarily imported from Canada, Trinidad and Tobago, and South Korea. [32: O. Elishav, B. Mosevitzky Lis, A. Valera-Medina, G.S. Grader, Chapter 5 - Storage and Distribution of Ammonia, Editor(s): Agustin Valera-Medina, Rene Banares-Alcantara, Techno-Economic Challenges of Green Ammonia as an Energy Vector, https://www.sciencedirect.com/science/article/pii/B9780128205600000059.] 

3.2. Ammonia Production Method Costs: Currently, green ammonia costs approximately three times as much as grey ammonia. By 2030, green ammonia costs are expected to be ~50% more than incumbent grey ammonia. This equates to $500 per ton of green ammonia. Current ammonia buyers are likely unwilling to pay a green premium at scale. However, as new use cases for ammonia emerge, CF industries, a leading ammonia producer, estimates that some customers would be willing to pay up to $2,200 per ton of ammonia for alternative energy use[endnoteRef:33]. The ammonia production costs associated for different pathways are outlines in Figure 15 below. [33:  Hullo, Alexander. “Is Ammonia the Fuel of the Future.” Cen.acs.org, 8 Mar. 2021, https://cen.acs.org/business/petrochemicals/ammonia-fuel-future/99/i8. ] 
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Figure 15. Total Cost of Ownership for ammonia pathwaysi
As with any nascent technology, the gaps in cost between grey and green ammonia are expected to shrink over the coming years. Additional incentives in the form of a carbon tax could accelerate the timeline for achieving cost parity.
3.3. Ammonia Producers: Despite the large volumes and disparate markets being discussed, seven ammonia companies in the United States produce 70% of the total ammonia production. These companies are CF industries, Nutrien, Gulf Coast Ammonia, OCI, BASF, CVR, and Mosaic. Some of these organizations will be investigated in more detail below. 
3.3.1. CF Industries: CF Industries is responsible for 35% of the total US ammonia production. Based in Deerfield, Illinois, CF Industries had a 2020 revenue of $4.12 billion. To supply their ammonia production feedstock needs, CF Industries consumes 1,100,000 tons of hydrogen each year. In late 2021, CF Industries made their first climate commitment. Their goal is to reduce the carbon intensity of their operations by 25% by 2030 and achieve net-zero carbon intensity by 2050. Additionally, CF Industries is currently piloting blue hydrogen and has stated interest in exploring green hydrogen procurement.
3.3.2. Nutrien: Nutrien is responsible for 13% of the total US ammonia production. Based in Saskatoon, Canada, Nutrien had a 2020 revenue of $20.9 billion. To supply their ammonia production feedstock needs, Nutrien consumes 410,000 tons of hydrogen each year in the United States. Nutrien has committed to a 30% reduction in their greenhouse gas emissions by 2030 from a 2018 baseline. Additionally, Nutrien is currently piloting a blue hydrogen project, but does not have any publicly stated interest in green hydrogen.
3.3.3. BASF: BASF is responsible for 4% of the total US ammonia production. The German multinational chemicals company has operations all over the world and a 2019 revenue of 59.3 billion EUR. Each year, BASF’s US ammonia production consumes 120,000 tons of hydrogen. BASF has committed to a 40% reduction in carbon intensity by 2040 compared to a 2002 baseline. Additionally, BASF is committed to carbon neutral growth by 2030, meaning any new installations must be completely carbon free. As a result of these commitments, BASF has already begun exploring green hydrogen and is working with RWE to procure green hydrogen from a 2 GW offshore wind project[endnoteRef:34].  [34:  Nonnast, Thomas. “BASF and RWE Plan to Cooperate on New Technologies for Climate Protection.” BASF, BASF, May 2021, https://www.basf.com/global/en/media/news-releases/2021/05/p-21-217.html. ] 

3.3.4. Mosaic: Mosaic is responsible for 3% of the total US ammonia production. Based in Tampa, Florida, Mosaic had a 2020 revenue of $8.9 billion. To supply their ammonia production feedstock needs, Mosaic consumes 100,000 tons of hydrogen each year in the United States. Mosaic has to a 10% reduction in their greenhouse gas emissions by 2020 from a 2015 baseline. Mosaic has not expressed any interest in exploring green or blue hydrogen projects to further decarbonize their production.
4. Discussion: With this background considered, ammonia market entry opportunities and challenges for the renewable energy client will be discussed below.
4.1.1. Opportunities: As green hydrogen and green ammonia costs decline, their share of their respective markets will grow. Additionally, as other sectors face pressure to decarbonize, the hydrogen and ammonia markets overall are expected to grow. Not only will their share of the pie expand, the pie will grow as well.
4.1.1.1. Geography: Ammonia production in the United States is concentrated in states with strong renewable energy resources. CF Industries, Nutrien, BASF, and Mosaic all have ammonia production facilities in Louisiana, Texas, and Oklahoma which are also top states for solar and wind energy generation. Each of these producers has also expressed interest in decarbonizing their operations with green or blue hydrogen. The client should pursue hydrogen deals with one of these producers to establish an early market leader advantage and proof of concept.
4.1.1.2. Market Growth: Although currently nascent, the market for green ammonia is expected to reach $500 million by 2025 and $1.5 billion by 2050. This massive growth will be fueled by an expected ~40% drop in the price of both green hydrogen and green ammonia between now and 2030. The client should take action immediately to secure early contracts with large players in the ammonia space. This market, currently served by industrial gases companies, runs on long-term contracts. Locking in one of these by installing an electrolyzer on site for hydrogen generation, and removing the transportation and conversion costs, will allow for early wins with these commercial and industrial customers.
4.1.2. Challenges: Existing producers of grey hydrogen are expected to fight hard to keep existing customer relationships. In the short term, the largest competitors for green hydrogen and green ammonia are blue hydrogen and blue ammonia, cheaply adding carbon capture and sequestration to existing assets.
4.1.2.1. Industrial Gases: Industrial gases companies, with their existing grey hydrogen infrastructure are well positioned to dominate the low-carbon hydrogen and ammonia space. By adding carbon capture and sequestration technologies to their existing facilities, converting grey hydrogen to blue hydrogen, industrial gases companies can help their customers meet their short-term decarbonization goals with little financial impact. In the longer term, when net-zero goals are being met, green hydrogen will have the advantage again. 
If desired, the client could pursue partnerships with industrial gases companies to provide renewable electricity for their operations and learn from their expertise. Conversion and transportation of hydrogen remain the most challenging pieces of the value chain for renewable energy companies and are an area of strength for industrial gases companies who have existing hydrogen pipeline networks and fleets of cryogenic trucks specially designed for hydrogen transportation.
4.1.2.2. Regulatory Support: Only 3% of US ammonia production comes from states with carbon pricing. There is thus limited local regulatory support to help green hydrogen and ammonia achieve cost parity with grey hydrogen and ammonia. Despite the lack of tax incentives, the green premium for green hydrogen is expected to shrink over the next decades. Regulatory support would accelerate the transition from grey to green hydrogen, however the expected changes will happen either way.
5. Conclusion: The client should continue to explore opportunities to enter the ammonia market. By beginning with small scale hydrogen off-take agreements, the client can partner with large ammonia manufactures, who have expressed interest in exploring green hydrogen, to gain expertise and begin refining their offering. Mosaic is the ideal first customer of my client. They are both based in Florida, and the small scale of Mosaic makes them ideal for exploring new hydrogen opportunities. By bringing hydrogen production expertise in-house, the client will be able to apply learnings from these early projects to provide wholistic green hydrogen solutions down the line. This early entry will eventually enable them to reduce the price gap between green and grey hydrogen and become a market leader in this emerging and quickly grown space.
6. References: 
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